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NOMENCLATURE AND LIST OF SYMBOLS

Cross section area (ft?)
Cable parameter, see equation (3).

Cable parameter, see equation. (3).

o Steady drag coefﬁment ona v1bratmg (stanonary) cylinder or

cable

Cable or cylinder diameter (f0).

Cable elastic modulus (Ib,/ft?).

Natural frequency (Hz).

Strouhal frequency (Hz).

Gravitational dcceleration (32:2 ft/sec?).
Critical tension, see equation (16).
Modal scaling factor; see equation (C4).
Reduced damping; see equation (C3).

Cable segment length.

-Cable length (f1).

Cable physical mass per unit length (kg/m or lb,,,/ft).

Effective mass per unit length (kg/m or Ib,,/ft).
(physncal plus added mass).

Cable virtual mass (physical plus added mass) per unit
length (kg/m or Ib,/f1).

Reynolds number, VD/v.

Specific gravity.

Strouhal number, f,D/V.

Cable static tension (N or Ib,).

Incident flow vielocity (m/s or ft/sec or knots).
Reduced velocity, v/f,D

Critical reduced velocity.

iv

Iv3 3



Fig. 15(a) — Test Run 7, Table 1.
Fig. 15(a) — Continued
Fig. 15(b) — Test Run 8, Table 1.
Fig. 15(b) = Continued

Fig. 16 — In-air and in-water natural frequencies for a cable with attached masses, computed with
NATFREQ.

Fig. 17 — Mode shapes for a cable with attached masses.
Fig. 17(a) — Test Run 15, Table 1. |

Fig. 17(a) — Continued

Fig. 17(b) — Test Run 16, Table 1.

Fig. 17(b) — Continued

Fig. 18 — In-air and in-water natural frequencies for a cable with attached masses, computed with
NATFREQ.

Fig. 19 — A plot of the in-air respbnse frequency spectrum for the cable with six light attached masses.
Fig. 20 — Mode shape estimation for three in-air modes of a cable with seven light attached masses.
Fig. 20(a) — Second mode.

Fig. 20(b) — Third mode.

Fig. 20(c) — Fourth mode.

Fig. 21 — Strouhal number St), plotted against spanwise distance along a stationary flexible cable in a
linear shear flow.

Fig. 22 — Strouhal number Sy, plotted against spanwise distance along a vibrating flexible cable in a
linear shear flow.

Fig. 23 — Strouhal number S1), plotted against spanwise distance along a vibrating flexible cable with
five attached spheres in a linear shear flow.

Fig. 24 — Strumming displacement amplitudes for a small diameter cable with attached masses.

Fig. 25 — A schematic drawing of the SEACON II experimental mooring that was implanted and
retrieved by the Naval Civil Engineering Laboratory during the 1970’s.

Fig. 26 — The drag coefficient Cp plotted against the Reynolds number Re for several synthetlc fiber
- marine cables.
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Fig. 27 — A time history of the drag coefficient Cj, and the current velocity Vrecorded during the 1981
Castine Bay field test with a bare cable.

Fig. 28 — A two and one half hour time record of the hydrodynamlc drag coefficient, the current and
the vertical and “horizontal strummmg displacement amplitudes for a cable with six attached masses
(Run 20 of Tabie 1).

Fig. 29 — A time history of the drag coefficient, the current speed, and the vertical and horizontal
strumming displacement amplitudes for the cable with two heavy attached cylindrical masses (Run 10
of Table 1).

Fig. 30 — Strumming frequency spectra for the cable with two attached masses (Run 10 of table 1).
Fig. 30(a) — Vertical displacement amplitude.
Fig. 30(b) — Horizontal displacement amplitude.

Fig. 31 — A time history of the drag coefficient, the current speed, and the vertical and horizontal
strumming displacement amplitude for the cable.with four heavy attached cylmdncal masses (Run 14 of
Table 1).

Fig. 32 - Strumming frequency spectra for the cable with four attached masses (Run 14 of Table 1).
Fig. 32(a) — Vertical displacement amplitude.
Fig. 32(b) — Horizontal displacement amplitude.

Fig. 33 — A time history of the drag coefficient, the current speed, and the vertical and horizontal
strumming displacement amplitudes for the cable with six heavy attached cylindrical masses (Run 16 of
Table 1).

Fig. 34 — Strumming frequency spectra for the cable with six attached masses (Run 16 of Table 1).
Fig. 34(a) — Vertical displacement amplitude.

Fig. 34(b) — Horizontal displacement amplitude.

Fig. 35 — Time histories of the measured and predicted drag coefﬁelents the rms cable strumming dlS-

placement amplitudes, and the current speed for the bare cable.

Fig. 36 — Spectral density of the measured natural frequencies in water for the Castine Bay cable with
two light attached masses (Run 2 of Table 1).

Fig. 37 — Spectral density of the measured natural frequencies in water for the Castine Bay cable with
seven light attached masses (Run 8 of Table 1).

Fig. 38 — A comparison between predicted (NATFREQ) and measured natural frequencies for a cable
with seven light attached cylindrical masses (Runs 7 and 8 of Table 1).

Fig. 39 — A cbmparison between predicted (NATFREQ) and measured natural freqeencieé for a cable

with two light attached masses (Runs 1 and 2 of Table 1).
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EXECUTIVE SUMMARY

As part of the overall NCEL marine cable dynamics exploratory development program under the
sponsorship of NAVFAC, a series of laboratory and field experiments ﬁave beén condu'cted to investi-
gate the effects of attached rﬁésses and sensor h(’)usiings (diécrete 6r lumped masées) oﬁ the overéll
cable system responée. Towing channel experiments were conducted with a-"strumming rig" developed
for the NAVFAC/NCEL cable dynamics program and the test findings recently wereb reported 3 A
field test program was conducted during the summer of 1981 to investigate further the strumming
vibrations of marine cables in a controlled environment. The experiments were funded by NCEL, the -
USGS and industry sponsors, planned by NRL and MIT, and conducted at the field site by MIT. The
primary objective of the test program’was to acquire data to validate and, if necessary, to provide a basis
for modifying the NCEL-sponsored computer code NATFREQ (4). This code was developed at the
California Institute of Technology to provide a means for calculating the natural frequencies and mode

shapes of taur marine cables with large numbers of attached masses.

The vortex-excited oscillations of marine cables, commonly termed strumming, result in increased
fatigue, larger hydrodynamic forces and amplified acoustic flow noisé, and sometimes lead to structural
damage and eventually to failure. Flow-excited oscillations very often are a critical factor in the design
of underwater cable arrays, mooring systems, drilling riSers, and offshore platforms. Many components
of these complex structures typically have a cylindrical cross-section which is conducive to vortex shed-
ding when they are placed in a flow. An understanding of the nature of the fluid-structure interaction
which results in vortex-excited oscillations is an important factor in the reliable design and long-term

operation of offshore structures and cable systems.

As the state of the ocean engineering art steadily progresses, more and more stringent demands
are being placed upon the performance of cable structures and moorings. In particular, displacement
tolerances and constraints in response to currents are becoming more stringent; fatigue is becoming an

important design consideration; and the sensitivity of acoustic sensors has increased to the point that

¥ B : i '
Numbers in parentheses denote references listed at the end of this report.
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* they cannot differentiate between legitimate acoustic targets and slight variations in their vertical posi-
tion. All of these are problems that are aggravated by cable strumming. In order to design a structure
or eabie system to meet the constraints imposed by operational and environmental requirements, the

engineer must be able to assess the effect of strumming on the structure '.in_ question.

Otie purpose of this report is to describe the field test program and to present the salient results

from it. Tlme hlstorres of the measured hydrodynamic drag coefficients, current speeds, and cable

strummmg acceleratrons and displacement amphtudes are presented and dlscussed to the extent possr- ,

ble The ndtural frequenc1es and mode shapes for the cable wrth attached masses were measured in air

and in water. Data from the twenty test runs which were conducted are presented in this report.

Validation of the NATFREQ code is an objective of this report. Calculations of cable natural fre-
quencres and mode shapes using the NATFREQ code were made at NRL for all of the field test runs.
A‘cd‘m’p‘érison vis made in this repert between the calculated natural freqdencies and mode shapes and
t’hose ‘eX‘perVimemalite‘st runs which it was possible to analyze in sufficient detail. Also, recom’menda-
.tio'n”s are made of modiiﬁcékffbﬁs“"t‘h'a't"‘Willl eﬁ’hahéé' the utility and the ease of access to the code for ‘p‘ros-‘

pective users.

The test runs which were conducted during the _experimental phase of the test program consisted

of ten parrs ot equwalent tests in air and in water. The measured in-air natural frequencies are in good

agreement with the NATFREQ predictions for the second and higher (up to n = 5) cable modes. The

- «first mode frequency apparently was influenced by the sag of the-cable. The measured mode shapes of
the cable vibrations in air are in agreement with the computed mode 'shapes, but only limited mode

- 'shape comparisons are possible due to the existing capabilities of the code.

»

Good agreement also was_obtained between the NATFREQ-predicted naturalk‘frequenc'ies and the
“~frequencies measured in water. It is clear from the comparison given in this report that it is possible to
‘predict the natural frequencies of a tauf cable with attached masses to better thanvl‘O percent. However,

at high cable mode numbers the difference in frequency between modes often is conéiderably less than

>

% -

Xii

g

wi



e

4

this value. Then it is difficult to positively identify which measured cable frequency is associated with

which predicted mode.

The results available to-date tend to validate the NATFREQ computer code as a reliable engineer-

ing model for predicting the natural frequencies and mode shapes of tqut marine cables with arrays of

discrete masses attached to them.

Measurements of the hydrodynamic drag forces during the Castine Bay field experiments con-
sistently produced drag coefficients in the range Cp = 2 to 3.2 for the bare cable and the cable with

attached masses. This is a substantial amplification of the drag force from the expected level for a sta-

tionary cable (Cp = 1to 1.5).

The drag coefficient on the strumming cable was predicted by Vandiver (23) with a strumming
drag model that was developed at NRL as part of the overall NCEL cablé dynamics research program.
The predicted drag on the cable was comparable to the measured drag. For a complementary experi-
ment at the test site with a flexible circular steel pipe, the predicted drag coefficients were virtually

indistinguishable from the measured drag coefficients (23).

Several recommendations have been developed as a result of the comparison between the

NATFREQ code predictions and the Castine Bay field tests. The major recommendations are:

e Cable sag or slack effects often play an important role in the dynamics of marine cables.
The NATFREQ code is limited to taut cable dynamics. Consideration should be given to
the development of a comparable code for the calculation of the natural frequencies and
mode shapes of a slack cable with attached masses. At least one such code, called SLAK,

presently exists in rudimentary form (1.

L Many of the data records from the 1981 Castine field experiment contain lengthy time

segments where the cable strumming is nonresonant, i.e., the vibrations and the vortex

shedding are not locked-on at a single resonant frequency. Consideration should be given™ ’

xiii
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to developing a simple but still effective method for taking nonresonant strumming effects
into account in determining the cable response and the strumming-induced hydrodynamic

drag force and coefficient Cp.
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i. INTRODUCTION
1.1 Objectives

At the beginning of FY 1975, technical coordination of the NAVFAC marine cable dynamics
exploratory development program was undertaken by the Naval Civil Engineering Laboratory (NCEL).

The overall objective of this program, as stated in a research plan put forward by NCEL, is:

"... to provide for the development of effective methods for the analysis of the dynamic response
of 3-dimensional, moorea cable structures which undergo dynamic motions generaied by various
natural or man-produced causes. Failure to predict this dynamic behavior by suitable analytical tech-
niques will affect the confidence in the adequacy of the system design as well as the estimated reliability

of the system’s performance.”

"Dynamic response of moored cable structures includes two specific problem areas which are
addressed separately in this plan. [One aspect of 1his problem] is the small-displacement, "high fre-
quency” response generaled by shedding vortices as water flows past the cable—this response is com-
monly referred to as cable strumming. The objective of ihe plan for this specific area is twofold: (1)
development of a capability to predict the strumming response (i.e., deflection, frequency, generated
acoustic energy. and drag force) of cable networks which have horizontally or vertically oriented cable
segments, in taut or catenary configurations subjected to a current which may vary along the cable

length, and {2} development of 1echniques which can be used 1o suppress cable strumming.”

The resonant strumming response of bare cables is discussed in detail in a recent NCEL/NRL

report (1). The suppression of strumming vibrations is dealt with in a separate NCEL-sponsored report

(2).

As part of the overall NCEL cable dynamics program, both laboratory and field experiments have
been conducted to investigate the effects of attached masses and sensor housings (discrete or lumped

masses) on the overall cable system response. Towing channel experiments were conducted with a



"strumming rig” developed for the NCEL cable dynamics program and the test findings recently were
reported (3). A test program was conducted during the summer of 1981 to investigate further the
strumming vibrations of marine cables in a controlled ﬁeldenvironment. The experiments were funded
" vby NCEL the USGS and industry sponsors, planned by NRL and MIT and conducted at the field site
| by MIT A pnmary objective of the test program was to acquire data to validate and, if necessary, to
prov1de a basis for modifying the NCEL-sponsored computer code NATFREQ (4). This code was

developed at the California Institute of Technology to provide a means for calculating the natural fre-

quencies and mode shapes of taut marine cables with large numbers of attached masses.

1.2 Background

It often is found that bluff, or unstreamlined, cylindrical structures undergo damaging oscillatory
instabilities when wind or water currents flow over them. A common mechanism for resonant, flow-
excited oscillations is the organized and periodic shedding of vortices as the flow separates alternately
from opposilesides of a long bluff body. The flow field exhibits a dominant periodicity and the body is
acted upon by time-varying pressure ioads. These pressures result in steady and unsteady drag or resis-
tance forces in line with the flow and unsteady lift or side forces normal to the flow direction. If the
structure is ‘ﬂe.\'ible and lightly damped as in the case of a marine cabl., then resonant oscillaions can
be excited normal or p’a_rallel to the incident flow direction. For the more common cross flow oscilla-
tions, the body and the wake have the same frequency of oscillation which is near one of the natural
frequencies of the system. The shedding meanwhile is shifted away frem the usual, or Strouhal. fre-
quency at which pairs of vortices would be shed if the structure or cabl : was restrained from oscillating.

This phenomenon is known as "lock-in" or "wake capture.”

The dsciiialions of marine cables caused by vortex ‘shedding, commonly termed strumming, result
in increased faugue larger hydrodynamic forces and amplified acoustic flow noise, and sometimes lead
io slructural damage and evemualiy to coslly failures. Flow-excited osmllanons very often are a critical
factor in the reliable and economicai design of underwater caAb!e arrays, mooring systems, drilling riseis,

and offshore platforms. Many components of these complex structures typically have a cylindrical

Y
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As the state of the ocean engineering art steadily progresses, more and more stringent demands
are being placed upon. the performance of cable structures and moorings. In particﬁlar, displacement
tolerances and constraints in response to currenis are becoming more stringent; fatigue is becoming an
ifnportarit design consideration, aﬁd the sensitivity of | acoustic sensors has increased to the point that

these sensors cannot differentiate between legitimate acoustic targets and slight variations in their verti- -

cal position. All of these are problems that are aggravated by cable strumming. In order to design a

structure or cable system to meet the constraints imposed by operational and environmental require-

ments, the engineer must be able to assess the effect of strumming on the structure in question.

1.3 Scope of the Report

One purpose of this repori is 1o describe the field test program and to summarize the results from
it. Time histories of the measured hydrodynamic drag coefficients, current speeds, and cable strum-
ming responses are presented. and discussed. Predictions are made of the hydrodynamic drag on a bare
cable and these predictions are compared with the field test data for selected conditions when the cable
was observed to be resonantly strumming. The natural frequencies for the cable with :ltached masses
were measured in air and in water. Mode shapes were measured in air. Data for lbe test runs con-

ducted at the field site are presented in this report.

Validation of the NATFREQ code is an objective of this report. Ceiculations of cable natural fre-

quencies and mode shapés using the NATFREQ code were made at NRL for all of the field test runs.

A comparison is made in this report between the calculated natural frequencies and mode shapes and

those experimental test runs that have been analyzed in sufficient detail. Also. recommendations are

made of modifications that will enhance the utility of and ease of access to the code for prospective

users.



2. THE NATFREQ COMPUTER CODE
2.1 Background of NATFREQ

The NATFREQ éodevwas developed at the Californsa Institute of Technology for the Naval Civil
, Engineering»Laboralory (NCEL) to calculate the natura: frequencies and mode shapes of taut cables
with large numbers of attached discrete masses (4). An aigorithm was developed to solve the transcen;

dental equations of cable motion by an iterative technigus which permits the calculation of extremely

high mode numbers. The algorithm has been inﬁplemezz:ed as a FORTRAN computer code ihai is

available from NCEL and NRL. The algorithm that forms the basis of the NATFREQ code is
described in this section of the report. A listing of the code is given in Appendix A. The methodology
embodied in the NATFREQ code is computationally efficient and shows excellent convergence proper-

ties even for high mode numbers. The flexibility of the code provides the capacity for treating a wide

range of cable system configurations.

The static and dynamic analyses of a cable system that experiences environmental loading require

the calculation of the hydrodynamic drag forces. Strumming of the cables due to vortex shedding

increases the overall mean drag force and causes a corresponding increase in the cable drag coefficient.

The methods that now have been developed to calculate the drag due to strumming require as inputs
the natural frequencies and mode shapes of the cable. The NATFREQ code provides a fast and accu-
rate means for computing these parameters for taut cables with coﬁlplex distributions of attached
masses. It now is possible with NATFREQ to calculate the strumming drag on the cable according to
the methoed deQeloped at NRL (see Ref. 1), including the drag on the attached’masses (see Appendix
C). These drag amplification factors can be used as inputs to the DESADE and DECELT1 cable struc-

ture analysis codes which are described in Ref. 1.

2.2 Strumming of Multi-Segment Cable Systems

The natural frequencies and mode shapes of cable oscillation are obtained by an iterative substitu-
tion algorithm which finds the solution satisfying the :mposed boundary conditions of the problem.

The following development of the solution is essentiallv the same as the previous work of Sergev and

Twan (4).

v
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Cable Dynamics. The system considered is shown in Fig. 1. It consists of n cable segments

attached to » — 1 masses. The cable segments have an effective mass per unit length m; and a tension '

T; which is assumed to be constant over the length / of the ssgment. The effective attached mass

(including added mass) is M,.

Equasions of Motion. The equation of motion for the disgiacement y; of the ith cable segment,

assuming no bending rigidity, is (see Fig. 2)

8%y, 9%y .
mi-W:EW; i=1, ... n | 1)
The harmonic solution of this equation has the form
ylx0) = Y(x)e/' ¢ (2)

where Y,(x) gives the shape of the deformation and w is the fraquency of oscillation. Substituting Eq.

(2) into Eq. (1) and solving the resu’ltiﬁg equation gives

Y(x) = A4, sinaux + Bicosawx: D <x L,
(3)

go= 1, R ]
where

a; = mi/Ti' (4)

Bouriary Conditions. In addition to satisfying the equation of motion, the deflection of each cable

segment must salisfy certain boundary conditions. These resuit from the geomelric conditions imposed

on the ends of the cable assembly, the continuity of displacemw nt al each attached mass, and the bal-

ance of forces at each attached mass.

Conzizuiry -of Displacement. The displacement must be c¢c~:nuous at each attached mass. There-

fore,

Y, (0) = Y,(1). | (9

Substituting from Eq. (3) vields

B,y = A;sinawl + B;cos ».wl. | (6)
If A, and B are known. Eg. (6) may be used to find B, ‘
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Fig. 1 — System of masses and cable segments; from Sergev and Iwan (4).

o
3

Fig. 2 — Displacement of the ith segment; from Sergev and lwan (4).
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Force Balance. Figure 3 shows the forces acting at each attached mass. The balance of forces at

each of these points gives for small angles

3y, oy 8%y, . o
Tl ;;;1 Lo_ﬂ—i{;LL:Mi —-ay;;]—i,o‘ N

Substituting from Egs. (2) and (3) yields

Tva 1441 — (a4, cos a0 |; .
—_ a,-B,- Sin a,‘(!) [,) 7‘, = _'MwBI+| . (8)
i=1 ..., n '

Using Eq. (6) and solving Eq. (8) for A4, gives

Aia = ! [(a;T, cos a;w |, — Mw sin a0 [;) A;
a1
— {a, T, sina,wl, + Mw cos a,» /) B]. (C)

If 4, and B, are known, Eq. (9) may be used 10 find 4, ;.

Geomerric Boundary Conditions. At the left hand end of the cable assembly, the displacement is

assumed to be zero. Thus,

Substituting from Eq. (3) thus implies that

Since the scale of the deflected shape of the cable (mode shape) is, at this point, arbitrary, let =

4, =1. ‘ (12)
With conditions (11) and (12) on 4, and B, and Egs. (6) and (9) for A,,; and B;,,, all subsequent 4’s -

and B’s can be determined provided o (the natural frequency) is known.
The svsiem must satisfy one additional boundary condition at the right hand end of the cable
assembly. where the displacement is again assumed to be zero. This gives

Y, (1) =0=7Y,,,(0. (13)

Equation {131 in turn implies that

Bn+l = 0 (14)



The values of w which give solutions satisfying condition (14) are the natural frequencies of the sys-

tem. This is a shooting technique.
2.3 Solution Algorithm for Mode Shapes and Frequéncies

If w is varied from zero 10 some large value and the corresponding values of B,,; calculated, the
result will be as shown in Fig. 4. Each point for which B,,; = 0 represents a valid solution of the free
oscillation problem. The @, so obtained are the natural frequencies of the system. Mathematically

thare are an infinite number of such frequencies.
The mode shape associated with each natural frequency w, will be denoted by ¥;¥'(x). Then,
YR (x) = 4% sin a,wx + BF cos awpx. (15)

Let @, be the kth natural frequency. Then the deflected shape of the cable system will be such that the
number of internal zero crossings (nodes) is equal to k — 1. The mode number of a particular mode
shape may therefore be determined by counting the number of internal zeros associated with the func-

ton Y i=1 ..., n

One of the example cases computed with NATFREQ was a 15400 ft long cable with 380 attached -

bodies. The calculated modal pattern for mode number 162 is shown in Fig. 5. The complexity of the
response is evident. Some additional examples and a comparison of NATFREQ results with a small-

scale laboratory simulation are g.iven by Sergev and Iwan.
2.4 Summary of the Solution Procedure
The solution process for the mode shapes and frequencies can be summarized as follows (4):
1. Assume a value for w,.

2. Let Bl=0,Al=1.

37
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Fig. 3 — Force balance; from Sergev and lwan (4).

n+l

—\lvl/-\l\_//\v/.\\ >
Y1 “2

Fig. 4 — Schematic of system natural frequencies: from Sergev and Iwan (4).



3. Solve for By, Ay, B3, A3, ...; B,, A,; B,4; from Egs. (6) and (9).

4. heck for B,.; = 0. If B,,; # 0, compare with previous value and estimate a new trial

value for w.

5. Go to step 2 and repeat until B, is less than some prescribed value or the change in w,

15 less than some pres'cribed‘ limit.

. 6. Determine the mode number by calculating the number of internal zeros of the mode

shape Y (x); i=1, ... n

A listing of the NATFREQ computer code presently in use at NRL’is given in Appendix A.

10
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3. THE TEST. SITE AND INSTRUMENTATION
3.1 The Test Site

The sipe choseri for the expgrirﬁem was é sa’ndba'r located at the rﬁou’th of Holbrodk Coye near
Cdstine, Maine. This was the same éiic used for previous experiments during the 1970’5 by Vandiver '
and Mazel (5,6‘)‘. At low tide the sandbar was exposed allowing easy accéss to the test equipment,
while at high tide it was covered by about ten feet of water. The test section was oriented normal to
the direction of the current which varied from 0 to 2.4 ft/s over the tidal cycle with only small spatial

variation over the test section length at any given moment.

The data acquisition station for the experiment was the R/V Edgerton which was chartered from
the MIT Sea Grant Program. The Edgerton was moored for the duration of the experiment approxi-

mately 300 feet from the sandbar and connected to the instruments on the sandbar by umbilicals.

| Prior to the data acquisition phase of the expériment, several days were needed to prepare the
site. A foundation for the experiment was needed to anchor the supports which were to hold the ends
of the test cylinders. To accomplish this, six 4.5-inch diameter steel pipes were water jetted into the
sandbar utilizing the ﬁre pump aboard the Edgerton. These six pipes were made of two five foot sec-
tions joined by couplings so that the overall length of each was ten feet. In addition, one two-inch

diameter by six-foot long steel pipe was jetted into the sandbar to be used as a current meter mount.

- Finally, a section of angle iron was clamped to the pipe used to support the drag measuring mechanism

and attached to another support pipe to prevent any rotation of the drag mechanism mount. Figure 6

shows a schematic diagram of the set-up of the experiment.

3.2 Test Instrumentation

Drag measuremen: system. The drag measurement system was located at the west end of the cable
system as shown in Fig. 6. The device was welded onto a support pipe 2.5 feet above the mud line.

The mean d‘rag force at the termination of the cable was used to generate a moment about a freely

11



© PayaENR (8¢ Yim 2qe0 dutiww BUOL I (OKST ® 10§ (791

14 0°00bS} = X

WU 67 = WP [ “(H) UBM] puR ADBIDG WOL) SISSRUL
~ U I3UINU ~2pow) vs%:m apow pandwod-OAYSLYN 4L — ¢ ¥y

x ) -P-

o
L
x
U/ AIN3W30VdSIQ

201 = 'ON 3GON , —v+

12



WW p'ST = UE [ (L) UMD PUR JOAIPURA WOy tdN-13s 1591 ploy Aeg ounse) dy) jo wesdep onewoyds — 9 91

NOTLJ3S 1S3l quszmaxu IHL 40 WYNOVIQ JITLVWIHIS

$34dId 133L8 .S°¥ : $3dId 13318 .S°'¢

s A

J N -
| "14 SL - H
|l uva NoTLVLON-TINV |
\ o ‘ ‘14 ol
, INTOP LOAId
y” DI st et / :

- , A"

\ \ \ uﬂ
L&w \ Lwganrino 1531~ L

' 30TA3G INIMNSYIH OV¥d

3N T30 QYO0 NOISNAL
NG

UIONITAD ITNVHAAH

13



i
|
|

rotating vertical shaft located a few inches beyond the termination point. The bearings supporting the

shaft carried the entire tension load without preventing rotation. The moment was balanced by a load

£y

cell which restrained a lever arm connected to the shaft (see Fig. 7). From the known lever-arm

lengths and the load cell measurements the mean drag force on one half of the cable could be deter-

mined. The load cell signal was carried by wires in the cable and umpbilical to the Edgerton where it was

conditioned and recorded.

Current méasurement system. The current was measured by a Neil Brown Instrument Systems

DRCM-2 Acoustic Current Meter located 12.5 ft from the west end of the test cable and 2 ft upstream.
It was set so that it’ determined both normal and tangential components of the current at the level of
the test cable. Signals from the current meter trave_léd ihrough umbilicals to the Edgerton where they
were monitored and recorded. In addition, a current meter traverse was made using an Endeco current
meter to determine any spatia] variations in current along the test section. The curr‘en.tv was found to be
spatially uniform to within, 3.0 percent from end to end for all but the l(')weyst current speeds (V <

0.5 fi/s).

Tension measurement system. The tension measuring and adjusting system was located at _the east
end of the experimental test set up (see Fig. 6). Extensions were made to the two inner water-jetted
posts at this end. As shown in the diagram, a five-foot extension was madc to. the center post and a
three foot extension was mad_,e.to_ the innermost post. This three-foot extension was different from the
rest in thatv its attachment to the jetted pipe at the mrudline_ was a pin connection as compared o the
standard pipe couplings used on the other extensions. A hydraulic cyl nder. was mounted 2.5 ft above
‘the mudline onio this pivoting post. The test cable in the experiments was connected at one end to this
hydraulic cylinder and at the other end blo the drag mealsuring device. To the back of the hydraulic
cylinder one end of a Sensotec Model RM In-Line load cell was connected. The other end of the cell
was altached via a cable to the center post. The output from the tension load cell was transmitted
zhrough the 'umb‘ilicals to the Edgerton where ivt was monitored. Hydraulic hose ran from a pump-on the

Edgerron to the hydraulic cylinder so that the tension could be changed as desired. Additional details

14
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Fig. 8 — A cross-section of the test cable; from Vandiver and Griffin (7).
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concerning the. test instrumentation are given by McGlothiin (8).
3.3 Data Acquisition Systems

During .the experiment, data taken ffom thé instraments on tﬁe sandbar.we‘vre,recorded in two
ways. First, analog signals from thé fourteen accelerometers in bthe cable as well as current and drag
were digitized, at 30.0 Hz per chanhel, onto ﬂop.py disks 'usfhg a Digifal'Equipment" MINC-23 Com-
~ puter. Second, an’allo’g signals from the drag qell, current meter, andv six accelerometers were recorded
= .by'a Hewleﬁ-Packard Model 3968A Recorder onto eighi-track tape. The disks were limited to record
lengths of eight and one half minqtes and were ﬁsed to tzke data several times during each ‘two and one
half hour data acquisition period. A Hewlett-Packard 3382A Spectrum Analyzer was set up to monitor
‘the real ume ‘outputs of the accelerometers. The eight-track tape was used to provide a continuous

record of the complete two and one half hour test run.
4. THE TEST CABLE SYSTEM

4.1 The Cable

A 75-foot long comvpositev cable was devélope‘d at MIT specifically for' the éxperimems__ that were
conducted in the sumxﬁer of 1981. Figure 8 shows a cross-section of the test cable. The outer sheath
for this cable was a 75-foot long piece of cleaf flexible PVC tubing, which was 1.25-in. O.D. by 1.0-in |
ID. Three 0.125-in. stainless steel cables ran through the tubing and served as the tension carrying
members. A cylindrical piece of 0.5-in. O.D. neoprene rubber was used 1o keep the stainless steel
cables spéced 120 degrees apart. The heo’préhe rubbef.spacer Was continuous along the 'Iength except at

| seven positions whérq biaxial pairs of acpelerometers were placed.  Starting at t‘he east end, these posi-
tions Qere at ;L/S, L/6, ‘L/4, 2L/5, L/2, SL/S, .and 3L/% These accelerometers‘were us.e,d to measure
the response of the cable as it was exci;ed by the vortex shedding. The accelerometers ‘-_wer.e_
Sundstrand Mini-Pal Model 218C Servo Acceleror‘neters which were sensitive to the direction of gravity.
The biaxial pairing of these accelerometers made it possible to determine their orientation and to

extract real vertical and horizontal accelerations of the ceble at the seven locations.

16
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Three bundles of ten wihes each ran al:o‘ng the sides of the neoprene spacer to provide p.ower and
signal’ connections to Ithe accelerometers and also to provide power and signail connections to the drag
measuring system. Finally, an Emerson and Cuming flexible epoxy was used to fill the voids in the
eable and make it watertight. The weight per unit length of this composite cable was 0.77-lb/ftn in air.

A photograph of the test cable being installed for one of the test runs is shown in Fig. 9.
4.2 The Attached Masses

In some expenments, lumped masses were fastened to the bare cable to snmulate the eﬂ'ects of

sensor housmgs and other attached bodnes The lumped masses were made of cylmdncal PVC stock
and each was 12 0-in. long and of 3. 5 m dnameter A 1.25-in. ho]e was drxlled through the center of

each lumped mass so that the cable could pass through In addition, four 0. 625 -in. holes were drilled

symmetrically around this 1.25-in. center hole so that copper tubes filled with lead could be inserted to

change the mass of lumps. In the field, it was difficult to force the cable through the holes drilled in
the PVC so the masses were split in half along the length of their axes. The masses were then placed
on the cable in halves and held together by hose clamps. Different tests were run by varying the
number and location of lumped masses and by changing the mass of the attachments. A photograph of

one of the masses attached to the test cable is shown in Fig. 10.
5. THE TEST MATRIX AND SPECIFICATIONS
5.1 Test Matrix and Specifications

The test cases conducted for the combination of the cable and the various atiached masses is
given in Table 1. The input data for the NATFREQ calculations of the twenty test runs are listed in
Appendix B. The specifications for the cable and the various attached mass configurations are given in

Table 2. The notation for the location of and type of attached mass in Table 1 is, as one example,’

5L
— (H).
.8 )
This notation means that the mass was heavy (H), i.e., that lead weights were inserted into the PVC

cylinder, and that the attachment point was located 5/8 of the cable length' from the reference

17



Fig. 9 - Setting up for a test run at the Castine Bay field site.
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Table 1 — Test Run Sequence
1981 Castine Bay Field Experiments,
Marine Cables with Attached Masses

Location, Type of Tension
Run Attached Mass (pounds) Medium
1 L. 2wy st A
2 same as above S 450 . Water
st tw it oo y 500 AW
4 sameiasab(‘)ve‘v | s o
s Ly L Ly Ly R I
6 same as above T s
T Emto e te tw e Ew s A
8 same as above 415 Water
9 Eanita 540 Air
10  same as above SCO | Water
1 %—(H)'_; 13“-‘(11), 4’2‘-(11), —2—34-(12), 2L 728 Air
12°  same as above 580 Water
3 Lon, 3Lw, L, L @ 650 Air
8 8 - 8 ° 8
14  same as above 650 Water
15 Lan, Len, Lan, 2Ean, L, I 732 Air
16 same as above 556 Water
7 L Lo Ean L 80C Air
18  same as above 765 Water
9w 2w e Ean Lan 800 Air
20 same as above | 800 Water

+ . . . ;
All tensions were izken from data records from which natural frequencies were obtained.

L) = light mass; (H) = Heavy mass.
**One pound = 4.4 Newtons (SI units).

20
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“Table 2 — Cable and Attached Mass Parameters
1981 Castine Bay Field Experiments,
Marine Cables with Attached Masses

-| Cable Specifications:

L = 175.0 feet ,
D = 1.25 inches in diameter
= (.7704 pounds/foot in air
w = 0.0239 slugs/foot in air
SG, = 1.408 specific gravity

PVC Attached Mass Specifications:

Length = 12.0 inches

Outside diameter = 3.5 inches
Inside diameter = 1.25 inches
Ballast hole diameter = 0.625 inches

Weight in air =

No lead ballast, 4.4 pounds (2 kg)
Weight of water trapped in the 5/8 inch ballast

holes when submerged in water, 0.55 pounds (0.25 kg)
Weight with lead, 9.97 pounds (4.52 kg)
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~ termination point. The notation L in parentheses (L) means that the light mass (no lead weights) was
attached at that location. The two specific gravities were chosen to match the cable’s specific gravity SG
=.1.3 to 1.4 (nominal) and the specific gravity SG = 2 (nor_riinal) of typical Navy hydrophones and

other cable-mounted sensor housings.

5.2 Slack Cable Limitations

Extensible slack cables are characterized by complex dynamic response behavior that is dependent

upon the sag-to-span ratjo and the elastic properﬁeé of the cable. One especially complicated feature of
this response is a frequency “crossover” phenomenon. This modal crossover is a complex phenomenon
associated with the dynamics of slack cables with small sag-to-span ratios. At the crossover three modes
of the céble have the same natural frequency and include a symmetric in-plane mode, an anti-
symmetric in-plane mode and an out-of-plane or sway mode. The symmetric modes contain an even
number of nodal points along the cable while the anti-symmetric modes contain an odd number of
nodes. The dynamics of slack rnaripe cables are discussed further in Appendix B of Ref. 1, and fn

several other references cited there.

The onset of slack cable effects occurs near the limit of cable sag-to-span s//— 0, and the critical

tension H,; can be estimated with the equation (see Ref. 1)

Hej = 0.93 (W2E, A)\3, (16)

where

W = wtal cable weight;

E. = cable elastic modulus;

A,

!l

cable cross-section area.

The weight of the cable in water is

W= (p,e)L.A.(5G. — 1) - amn

where

22
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' SG, = cable specific gravityi
L. = cable length;
py, & = water density, gravitational

acceleration

The Castine Bay test cable (L, = 75-ft, 4. = 1.23-in.?) in-sea water has the following total net weight

(in water),
W = 41.0 (SG, — 1) Ib.

For a cable with a nominal value of specific gravity SG, = 1.41, B = 16.8 Ib. The product E .4,
\;vas measured at MIT for the Castine test cable. The result was E.4. = 2(10°) Ib. Based upon this
value the critical tension in water is

He = 0.93 (E. A, WHY3 b= 360 Ib.

From this estimate a minimum tension H = 400 1b was recommended for the Castine Bay field experi-

ments in order to minimize slack cable effects. The NATFREQ code algorithm is valid only for taut

cables with arrays of attached masses.

6. NATFREQ PREDICTIONS

The NATFREQ code was used to simulate all of the test runs listed in Table 1. All of the com-
putations were done on the Hewlett-Packard Model 1000 computer in the Fluid Dynamics Branch at
NRL. A listing of the code is given in Appendix A. The listed version of the code is identical to that
discussed by Sergev and Iwan (4) except for some minor input/output modifications. Input to the code
typically consists of cable properties (density, tension, drag coefficient. etc.), attached mass properties
(density, cross-section -area, drag coefficient, etc.), and cabl: segment length (point masses are

assumed) as shown in Appendix B. The added mass of both the cable and the attached masses was. -

" accounted for in all of the in-water test simulations. Some elaborations on the algorithm employed in

NATFREQ, but not included in the code, are given by Iwan (9).

A summary of the computer simulation is given here. Typically only the first six or seven cable
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 modes were excited by the tidal current regime at the Castine field site. Howev_el"," in some ga',s'es cable
modes up to n = 11 have been identified. The gomputed natural frequencies and mode shapes for five

pairs of typical test runs are plotted in Figs. 11 to 18. The configurations ch(')ser_l,‘ for the plots are

- representative of the field test measurements that are discussed in the next section. Three cases with.

~light masses attached (PVC only) and two cases with heavy masses (PVC plus lead weight inserts) are

“plotted in the figures.

Several points concerning the natural frequencies are of note. First, the added mass effect of the

water is clearly evident in all of the computed frequencies. As expected, the added mass dug.tq the
- cable vibration reduces the frequency of any given in-water mode below the corresponding in-air modal
frequency. An added mass coefficient of C,, = 1 was assumed; i.e., the added masses of the cable and
cylindrical attachments are equal to the respective displaced masses of water. This point is discussed

further in a following section of this report.

Second, the distribution of computed modal frequencies is dependent upon the number and spac-

ing of a;taphgd masses. Fog evenly spaced masses there are disc‘p;ntingo,us jumps in the natural _ftg-

quencies at multiples of the number of cable segments. This is clearly evident in Fig. 11 (two and five

attached masses) and the same effect can be observed in Figs. 14, 16 and 18 (five, six and seven

attached masses). The discontinuity emerges when the mode number 7 is equal to the number of cable
segments or a multiple thereof. The difference in the cable vibration pattern due to diﬂ'éifen; numbers

of attached masses is e_Vid@nt from the N = 2 and N = 5 results in Fig. 11. The discontinuities occur

‘at 5= 3, 6 and 9 for the cable with two masses, whereas the first discontinuity occurs at # = 6 for the

cable with five masses. Note that the n = 6 natural frequencies (and mode shapes) are equal for the
two cases. This behavior also was computed by Sergev ard Iwan and verified by their small scale exper-

iment with a thin wire and four or six attached masses in air (4).

There is a relatively simple physical explanation for the discontinuous, behavior of the natural fre-
quencies. Consider as an example the computed frequencies in Fig. 14, for test runs seven and eight

with seven light masses. For the first seven mode shapes plotted in Figs. 15(a) and 15(b) some or all
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of the masses are -in motron at thetr various locations in the vrbratron pattern Thus the natural fre-
quencies' of the cable are reduced from the bare cable values due to the mertla of the masses When ‘
the vrbratron frequency reaches the n= 8 mode all of the seven evenly spaced attached masses arev‘
located at nodes of the modal vrbratron pattem Then the mode shape and frequency are 1dent1cal to

those of the bare cable The natural frequencres for the n = 9 and 10 modes fall below the bare cable |
frequencres when the masses attached to the cable agam are m motron Slmllar behavror can be

observed in all of the natural frequencres plotted in Frgs 11 14 16 and 18

The distribution of six masses for the test runs plotted in Frg 16 i is unevenly spaced The dtscon- o
tmurty between the no= 6 and nw- 7 modes strll is clear, but the n = 7 mode in air frequency is not
qual to the bare cable value as in the runs drscussed prevrously The mode shapes plotted in th 17
show that several of the masses are in motron for n o 7 SO that both the in-air and 1n-water natural )
frequencres are less than the bare cable value There is a difference in tensxon between the two tests

but that has a mmlmal eﬂ'ect on the major features of the overall cable system response

Two otherwrse |dentrcal runs wrth ﬁve lrght and ﬁve heavy masses are plotted m‘Frg 18 Test
runs 11 and 12 were recomputed wnth the cable tensron T == 500 pounds to match the tensrons of runs ’.
3 and 4. The mertlal effect of the heavrer of the two attached masses rs evrdent from the reduced
natural frequencres in air and m water below the correspondmg values for the lrghter masses. The
masses are evenly spaced and the drscontrnurty between the n = 5 and n = 6 modes appears as
expected. For the n = 6 mode both sets of masses are at the same nodal pomts of the vrbratron pattern

and they have no eﬁ'ect. The two‘respective pairs of natural frequencres in atr and.m water are equal.
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1981 CASTINE BAY TESTS # MARINE CABLES
WITH ATTACHED SENSOR HOUSINGS # RUN 1
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Fig. 12(a) — Test Run 1, Table 1.
Fig. 12 — Mode shapes for a cable with iwo Tight attached masses, computed with NATFREQ.
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Fig. 12(b) — Test Run 2, Table 1.
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'BAY TESTS » MARINE CABLES
SENSOR HOUSINGS * RUN 3
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"Fig. 13(a) — Test Run 3, Table 1.

Fig. 13 — Mode shapes for a cable with five light attached masses, computed with NATFREQ.
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1881 CASTINE BAY TESTS # MARINE CABLES
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Fig. 13(b) — Test Run 4, Table 1.
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Fig. 15{a) — Test Run 7, Table 1.

Fig. 15 —~ Mode shapes for a cable with seven light attached masses, computed with NATFREQ.
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Fig. 15(b) — Test Run 8, Table 1.
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Fig. 17(a) — Test Run 15, Tablc 1.

Fig. 17 — Mode shapes for a cable with six heavy attached masses, computed with NATFREQ.
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The modal distributions of vibration amplitude along the cable, respectively‘correspondin_g to the
plotted frequencies, are shown in Figs. 12, 13, 15, and 17. Thg _vertical scales are unifo,rm' but- arbi-
trary, having been chosen ‘only for plarity. The maximum strumfning vibration amplitude for a given
cable mode‘ is dependent upon the effective reduced damping 'param’eter/ kg, see Eq. (C3) of Appendix
C. For vibrations of a cable in water the typicai level of strumfning amplitudes is on the ‘order of (%)
‘one cable diameter. Vortex-induced vibr‘ations of cables and structures in air are an brder of magnitude
lowgf in amplitude. Thus even though the relative mode shapes in air and in water may appear to Se
véry similar on a nondimensional basis, the actual distributions of strumming amplitude levels spanwise

aleng a cable are very different in the two medias.

It is evident from the plotted rﬁode shapes that the attached masses do not act in general as nodes
of the overall modal cable pattern. Thisv is true for all of the cases shown with up fq seven attached
masses. The complexity of the modal vibration patterns along the cable increases in the higher modes.
Thus the higher mode shapes for a cable with large numbers of attached masses cannot be guessed
intuitively from previqus experience. However, the mode shape and peak strumrﬁing amplitude must
be accurately known in order to correctly estimate the drag effects due to strumming of a complex cable

s

segment.
7. MEASUREMENTS OF CABLE STRUMMING
7.1 Natural Frequencies, Mode Shapes and Damping

Measurements in Air. The natural frequencies and damping ratios were measured in air for each
cable test run with attached masses and for seve;al tests with the bare cable (10, 11). A method for
extracting the natural frequencies, mode shapes, cable material damping, and strumming displacement
from the outputs of the accelerometer pairs was developed and calibrated as part of the data reduction
phase of the test program (12). A summary of the experimental data for in-air natural frequencies,
mode shapes, and damping ratios is given by Vandiver (13). An example of the good agreement that

was achieved between the measured and calculated natural frequencies is given in Table 3. The natural
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Table 3 — Natural Frequencies and Damping of a Bare Cable (In Air)
1981 Castine Bay Field Experiments, '
Marine Cables with Attached Masses;
'From Refs. 11 and 13
(Cable Tension = 792 pounds)

Mode Naturai Frequency  Natural Frequency Material Damping Ratio, ¢
(predicted, Hz) (observed, Hz) based on based on total
energy contained : energy
in principal

Vertical direction (£)
1 1.21
2 2.42 2.40 0.0065 < ¢, < 0.0084 0.0024 < ¢ < 0.0065
3 3.63 3.60 0.0045 < £; £ 0.0049 0.0017 < ¢ < 0.0056
4 4.84 4,67 Ly = 0.005 0.0021 < ¢ < 0.0046
5 6.05 5.86
6 7.26 7.23
7 8.47 *
8 9.68
9 10.89 10.92
10 12.10

EX
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frequencies were calculated with the standard equation

wp=2mfy =22 [T | - as)

L m’

for the undamped frequencies of a taut cable per unit length. Here m’ is the virtual (physical + added)
mass of the cable per unit leng"ih. ‘Excellent agreement was obtained for the measured and calculated
natural frequencies of the bare cable, and considerable co‘nﬁidence was gained in the data reduction

technique in the process. The very small material damping of the cable is characteristic of marine

cables (1.

The accelerometer pairs embedded in the cable were of the force-balanced type and sensitive to
the direction of gravity. Thus the true horizontal and vertical accelerations of the cable could be
obtained. Once the true vertical and horizontal accelerations were found, it was necessary to undertake

a complex process to determine the displacements. To do this, a step-by-step process was developed.

A summary of the procedure for double integrating a digital acceleration signal follows. The pro-

cedure consists of the following eleven sieps as outlined by Jong (12):

Step 1 Find the rotated angle of the accelerometers and perform vector rotation to recover real
. vertical and horizontal accelerations.
Step 2 Fit a linear least-squares zero baseline 10 the acceleration signal to remove the DC offset

~and any linear trend.

Step 3 Obtain the acceleration spectrum and from it compute the theoretical displacement spec-
trum, as an aid in the determination of the cutoff frequency in the high-pass filter. The
theoretical fast Fourier transform (FFT) of the displacement is obtained by dividing the

magnitude of the acceleration FFT by w?.

Step 4 High-pass filter the acceleration signal using an infinite impulse response (1IR) elliptic filter

to remove low frequency noise components.

48
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Step 5 Iritegrate the acceleration signal using the Schuessler-Ibler integrator to obtain the velocity.

‘Step6 Fit aul‘i'ne_aff least-squares zero baselirie to the velocity signal to remove any'DC off'set and

linear trend.

Step 7 - High-pass ﬁlter the veleei‘ty"sigr_l_g‘l using an IIR eilipt‘ic filter to femeve"ah')‘r"lowvfrequency

‘noise components that were expanded in step 5.

Step8  Integrate the velocity signal using the Schuessler-Ibler integrator to obtain the displacement.

Step 9- Fit a linear least-squares zero baseline to the displacement signal.

Step 10 ‘High-pass 'ﬁltef the displacement signal using ‘an 1IR elliptic filter to remove any low fre-
“quency noise components that were expanded in step 8.
Step 11 Plot summary data, e.‘g. root'-'mean-square’s, spectra,"'time’ ’se'ries of displeeement, velocity,

: 'accelerauon and two dlmenswnal cylmder or cable motnon tlme serles

From the honzontal and vertlcal accelerauon seectra n was possnble to determme the natural fre-y
quencnes of vibration for each respondmg mode These natural frequencnes then can be compared wnth
those predlcted by the NATFREQ computatlons of the cable wnth auached masses The frequencnes
found in this man_ner actually are__‘not the unc“iampedvnvatural fr}e_quen}cies but the damped ‘n_at;u_ral fre-

quencies. However, because the damping is so low in air the two are essentially the same.

From free vibration decay tests logarithmic decrements were éstimated from the acceleration-time
histories by measuring two acceleration amplitudes separated by an integer number, M, of complete
cycles. The logarithmic decrement is found from the equation

1 Ay

§=—In
: M AM+[~

- (19)
where A, is the acceleration amplitude at some time 7, and Ay is the amplitude at #,,,. The damp-

ing_ ratio { then is ,giVen by '
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V8l + (2m)?
When 8 is very sm"a'll‘(o << 1)1t is clear that g‘——“8/21r Detalls ofthe analysis "‘;Sr‘o'cedti';e are given by -

© Moas (11).

The ‘natural frequenmes of several modes and the materlal dampmg were measured for the cable
‘with attached masses. The dampmg measurements are summanzed m Table 4 The numbers desrgnat- ’
r_"‘tng the test runs m the table correspond to the numbers m Table 1 where the varlous attached mass
' conﬁguratrons are given The dampmg often was found to be nonlmear over the range of in-ait dlS-
placement amplitudes (10) Therefore, when two dampmg ratlos are quoted in Table 4 for a particular
- test run the ﬁrst value corresponds to low amplltudes and the second to high amplrtudes of vrbratton
In both cases, however, the materral dampmg lS very small for the cable Wlth up to seven cylmdrical

attached masses

¥

The ‘measured natural frequencres for the cable w1th attached masses are hsted m Table 5 for the

same test runs hsted in Table 4 The natural frequencres of the system were measured by excrtmg the -

”‘vartous modes in both the verttcal (m plane) and hortzontal (out-of-plane) directions, Generally the
“"results are comparable in both cases A dlSCUSSlOI’l of the data reduction sequence employed in obtam- '
‘ mg the natural frequencres is grven in Refs lO and 11. It was found in general ‘that the vertical‘
acce’lerometer had a negligible _~res‘ponse when the cable was ‘excited m _the‘fhorizontal ptarl‘e,faﬁa vice

versa. The natural frequencies were determined from the peaks in the spectral density plots of the

.. vibration. Typically there were no mixed mode vibrations and only one peak was evident in the spec-

trum. .The,,.low__est (n = 1) mode of the cable app'ar_ently'was inﬂuencedby the s'ag.‘of the cable (.13).
This is typical of the vibrations of slack ca_bles, where the influence of the cablesag dirni‘nishes_‘as the
cable vibrations progress to higyher"rnodes ( 1,l4). Some of the higher mode frequencies were probably |
y mﬂuenced to some extent by the bendmg stiﬁ'ness of the cable A more extensive appraisal of cable

sag and bendmg stiﬁ'ness eﬁ'ects should be undertaken as a follow-up to the present study

A typical spectral plot is given in Fig. 19. This measurement was by the accelerometer pair
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Table 4 — Measurements of Cable Material Damping (in Air)
1981 Castine Bay Field Experiments, -
Marine Cables with Attached Masses;
From Refs. 10 and 13

Test Direction of . .
Number* Mode Excitation Damping Ratio, £
1 2 Horizontal 0.005 _
3 Horizontal 0.001, 0.007
3 2 Horizontal 0.005
’ 3 Horizontal 0.007
3 Vertical 0.002, 0.003
5 2 Horizontal 0.004, 0.007
2 Vertical 0.001, 0.003
3 Vertical ~0.001, 0.002
7 2 ~ Horizontal 0.005, 0.006
3 Vertical 0.002, 0.005
4 Vertical 0.002, 0.004
9 2 Vertical | 0.004
2 Horizontal 0.007
3 Vertical 0.002, 0.006
3 Herizontal 0.004, 0.005
11 2 Vertical 0.008
2 Vertical 0.005
2 Horizontal 0.008
3 Horizont1al 0.008
3 Vertical 0.004
5 Unknown 0.004
5 Vertical 0.003, 0.005
19 2 Horizontal 0.002, 0.003
3 Vertical - 0.001
3 Horizontal 0.003, 0.004
4 Horizontal 0.002

*From Table 1.

51



Table 5 — Measutements of Natural Frequency (In-Adr)
1981 Castine Bay Field Experiments,
Marine Cables with Attached Masses;
From Refs. 10 and 13

Test Mode Direction of NATFREQ-P'redicted Measured

- Number* Excitation Frequency, Hz Frequency, Hz |
1 2 Horizontal 172 | 1.74
3 Horizontal 2.89 3’.0‘36
3 2 Horizontal 1.59 1.60
3 Horizontat ©2.36 2.37
3 Vertical 2.36 2.40
5 2 Horizontal 1.73 1.74
2 Vertical 1.74
3 Vertical 2.550 2.63
7 2 Horizontal 1.51 1.53
3 Vertical 2.26 2.34
4 Vertical 2.98 3.07
9 2 Vertical 1.57 1.58
2 Horizontal 1.61
3 Vertical 3.00 3.10
3 Horizontal 3.09
5 Vertical . 4.04 4.25
11 2 Vertical 1.60 1.62
2 Horizontal 1.62
3 Horizontal 2.36 : 2.41
3 Vertical 2.46
4 Horizontal 3.03 3.18
5 Vertical 3.55 3.80
19 2 Vertical 1.69 1.75
3 Vertical 2.62 2.80
3 Horizontal 2.80
5 Horizontal 3.98 4.30

*From Table 1.
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located at the position L/4 along th'e cable. The light (L) attached masses were located at NL/6, N ="
1 10 5. For this example, the sécond'mode (n.= 2) with five light masses attached. to the cable, the

measured natural frequency Was 1.60 Hz. The natural frequency computed with NATFREQ was 1.59

_Hz, which resulted in an error of 0.9 percent (10). The error between the measured and predicted

natural frequencies ranged from this value to about 11 percent. However in most of the cases listed in

Table S the error between the measured and predicted frequencies was less than 5 percent.

The measured in-air mode shapes for the cable with seven light attached masses (Test Run 7) are
shown in Fig. 20. The normalized measured mode shapes are denoted by the distribution of individual

displacement spikes at the seven locations of the accelerometer pairs. All of the data were corrected for

~ rotation of the accelerometers. Superimposed on the measured displacements is an equivalent sine

wave. The measured displacement amplitudes are a good approximation to the sihe wave in all three
modes (n = 2, 3 and 4). Reference to Fig. 15(a) readily shows that the NATFREQ-generated mode
shapes also closely resemble sine waves in the second and fourth modes where the masses are evenly
distributed over a half-wavelength of the cable vibration pattern. Even for the third mode, where the
masses are not evenly distributed over the half-wavelength, there appears 1o be little variation from the
sinusoidal distribution. The mode shape of the cable does not resemble a nonsinusoidal wave form

until the higher modes (n = 5 and greater) are excited.
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Fig. 20 — Mode shape estimation for three in-air modes of a cable with seven light attached masses (Test Run 7 of Table 1);
from Ref. 13.
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Fig. 20(a) — Second mode.

O

Fig. 20(b) — Third mode.
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Fig. 20(c) — Fourth mode.
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7.2 Strumming of Cables

Laboratorv-Scale Exper}'ments. Experiments were conducted by Peltzer (16) to study,the- effects of
shear on vortex shedding from: stationary and vibrating marine cables. In some of the eXperiments, a
distribution of spheres was attached to the cable to simulate the effect of attached bodies such as sensor
housings and buoyancy elements. The cablé of 11.4 mm (.045 in) diameter had a length to diameter
ratio of L/D = 107, which renulted in a shear flow steepness parameter ,[—3 = 0.0053 over the Reynolds
number range Re = 1.8 x 10° to 4 x 10*. Some of the results obtained with and‘ without the aitached

masses are summarized here for comparison.

The spanwise Strouhal number variation along the s_tationary cable in the shear flow is shnwn in
Fig. 21. There are ten cells of constant Strouhal number along tne cable span. The average length of
the cells is eleven cable diameters and the change in the Strouhal number from cell‘ to cell is
ASty = £.0086. There is a total change in the Strouhal number of ASz, = 0.067 across the span from
—48 < ?/D <48. The clarity of the cellulaf st‘ructure is due to a careful optimization of the location of

the hot-wire probe that was used to sense the frequency of vortex shedding from the cable (15).

The cable was oscillated in its first mode with an antinodal displacement amplitude of 2Y = 0.29D
and at a reduced velocity of ¥, = 5.6. The vortex shedding pattern in Fig. 21 was changed by the oscil-
lations as shown in Fig. 22. The vortex shedding was locked-on to the cablefvﬂi,bration over {the central
portion of the cable span from —14 < z/D < 30, so that the locked-on"cell was 44 diameters ldng.
The remainder of the vortex shedding pattern not influenced by end effects was stabilized as well. Two

cells were increased in length to fourteen diameters each and no fluctuations in the cell boundaries

were observed. The change in the Strouhal number across the span was increased to ASt,, = 0.078.

- One of the objectives of these experiments was to. investigate the effects_ of -attached biuff bodies
on the vortex shedding. The vortex shedding pattern along the cable with five spheres (ping pong

balls) attached is shown in Fig. 23. The flow conditions were the same as in- Figs. 21 and 22, except
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Peltzer (16). Reymolds number Rey, = 2.96 x 10%, shear flow steepness parameter § = 0.0053.
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that the antinodal displacement amplitude of the cable was 2 Y = 0.23D.

Several points concerning the vortex shedding from the cable-sphere system are notable. The

~ three central spheres (z/D = 20, 0, 20) locked-on to a submultiple (one half) of the cable vibration

frequency. The lock-on region of the éable strumming in Fig. 23 exfendéd from ~24 < ?/ D €29, or
over 53 diameters. This is a significant increase from the comparable bare cable experiments. For
example, when 2 Y = 0.29D for the bare cable the lock-on region extended over 44 diameters, and
when 2 ¥ = 0.23D the lock-on region extended over 34 diameters. When three spheres (z/D = —28,
0, +28) were attached to the cable, with 2 Y/D = 0.235, the lock-on region extended over 61 cable
diameters. It is clear that the addition of attached bodies along the cable is not likely to deter the

resonant cable strumming vibrations even in a shear flow.

Peltzer (16) observed other significant features relating to cable strumming in a shear flow. A
maximum separation distance of twenty cable diameters between the spheres was observed that would
force the vortex shedding into cells of constant frequency when the cable was stationary. The cellular

structure along the cable with spheres attached was forced into a pattern that was appreciably different

from the bare cable in the shear flow when the spacing between the spheres was twenty diameters or

less.

Towing Channel E)fperfrr';'lents. As part of the overall NCEL cable dynamics research program MAR
Incorporated was funded to conduct a program of experiments to invéétigate strumming suppression
and the effects of seﬁsor housings (attached masses) on the overall cable response. Two reports on the
results obtained recently have been published (2,3). Some of the results obtained are summarized
briefly here and are compared with ﬁrevious findings from the NRL/DTNSRDC/NCEL cable dynamics
program. The tests were conducted on a "strumming rig"'at the DTNSRDC that was employed in pre-
vious NCEL-sponsored strumming experiments (1). The recent MAR Ir;f;orporated experimen‘ts and

the experimental layout are described in detail in Ref. 3.

Some of the results obtained in these experiments are plotted in Fig. 24. The discrete masses in
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all cases were aluminum sensor housings attached at various locations along the steel cable of diaméter
D = 0.175-in. and span of L = 14.5-ft. It can be seen from the results in Fig. 24 that the cable was

deployed under various conditions in the resonant, cross flow strumming regime during the tests. The

results plotted in the figure from the previous DTNSRDC experiments were obtairied with a baré cable

in all cases. and those results are discussed in detail in Ref. 1.

The attached masses did not deter the strumming, but instead the system consisting of 4 baté
A"c‘abyle plus attached masses reachéd higher ¢ross flow displacement amplitudes than the baré cabie aiohé
during 'thé Mar Incorporated tests. This is because the cohditions of Mar’s cable experiffient wére at
the onset of the resoriant strumming regime in Fig. 24 while the attached mass experiments exténded
well into the resonant region. All of the tests wete conducted in the range of cable and attached mass
properties where hydrodynamic effects are dominant (1) and even thié additi(m of discieté masses has
little influence on tHe large-displacementb cross flow strumining éffects. All of the frequéncy spéctra

plotted in Ref. 3 give clear evidence of cross flow sttumming at a single résonaint frequency.

Cable Strumming in the Ocean. Field studies of the strumming behavior of marine cables wereé
conducted over several summers of the Castirie Bay, Maine test site by staff mémbers and studerits of
the Ocean Engineering Department at MIT. The most recent experiments are déscribed in this reéport

and in Refs. 8-12. The previous experiments are described in Refs. i, 5, 6 and 17.

SEACON II was a major undersea construction experiment the chief goal of which was the miéas-
urement of the steady-state response of a complex threé-dimensional cable structure to océan cufrénts.
The measured array responses were to be employed in a validation of analytical cable design models and
computer codes as described by Kretschmer et al (I8). A second goal of the SEACON II experiment
was to ‘demonstrate and evaluate new developments in ocean engineering which were réquired to

design, implant, operate, and recover fixed undersea cable structures.

The SEACON 1I structure consisted of a delta-shaped modulé with three mooring legs. It was

implanted in 2900-ft of water in the Santa Monica Basin by the Naval Civil Engineering Laboratory dur-
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ing 1974 and was retrieved during 1976. The top of the cable structure was positioned 450-ft below the -

water surface. The mooring legs were 4080-ft long and each arm of the delta was 1000-ft long. An

artist’s view of the completed structure is shown in Fi_g. 25. Two mooring legs were attached to explo-

sive anchors embedded in the sea floor and the third leg was attached to a 12500-1b clump anchor. The

-entire cable structure was instrumented in order to collect current and array position data.

The data were used to validate the NCEL computer code DECELI. This code, previously cailed
DESADE, was developed at NRLV by Skop and Mark in 1973. The delta cables experienced uniform
currents over their respective lengths and often were subject to cable strumming. These strumming
vibrations led to ihéreased steady drag coefficients and static deflections as described in the next siection
of this report. Details of the SEACON I implantation, design and recovery are given by Kretschmer et

al. (18).

Another cable strumming experiment (the Bermude Testspan) was conducted by the U.S. Navy
from December 1973 to February 1974. The site of the experiment was near Argus Island, Bermuda.

A 840-ft long, 0.63-in. diameier electromechanical cable was suspended horizonially in the water at a

depth of 92-ft. The cable had no strumming suppression devices attached, but it had numerous
weights, instrumentation devices, and floats distributed over its length. The unfaired cable and instru-

mentation were similar to the cables which made up the horizontal delta segments of the SEACON I

array. Two current meters were suspended near the mid-span point of the cable. Only a limited -

amount of data were obtained from this experiment.

Kennedy and Vandiver (19) have analyzed the results of this experiment and have reached

several conclusions. They found that the strumming response of the cable was typical of a broadband

random process and that resonant and nonresonant lock-on were rare. The high modal density, which
resulted in responses from the 10th to the 150th que, and extreme variations in current speed and
direction were chiefly responsible for the broadband response of the test span. The peak rms cross flow
displacement amplitude experienced by the Bermude Testspan was estimated by Kennedy and Vandiver

tobe Y= =0.5D.
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A more extensive discussion of these and some othar recent cable strumming field experiments is

given in Refs. 1 and 17.
7.3 Hydrodynamic Drag

An important side effect which results from the oscillations of structures and cables due to vortéx
shedding is the amplification of mean drag force (or the drag coefficient Cp). The drag force
amplification measured under a variety of conditions has been summarized in a recent NCEL report (1)
and in a more recent and related paper (17). A methodology for einploying these measureéments in the
analysis of marine cable structures was developed by Skop, Griffin and Ramberg (20). This approach
has been extended to the case of flexible, cy'llindrical‘ marine structures by Griffin (21,22). A step-by-
step method for approaching this problem is given in Refs. 1, 21 and 22, and isb.summar‘iz‘e‘d in Appén-

dix C of this report.

The measured mean drag coefficients (C’,,) for séve‘rél'strumming cables are plotted against the
Reyndlds number (Re) in Fig. 26. As a basis for comparisbn the typical drag coefficients for a station-
ary circular cylinder and several nominally smtionary braided and plaite_d marine cables also are plotted
in the figure. The relatively large scatter in the stationary cable data is due to variations in the low
cable tension values at the lowest flow speeds Y(Reynol‘ds numbers). All of the cable strumiming experi-
ments were conducted in one of the towing channels at the DTN}SRDC. Tﬁe dashed line was simﬁfy
faired through the strumming data. It is clear that the drag coefficients for‘the strumining cables are
increased substantially (by as much as a factor of two) for a variety of Kevlar cables over a wide range

of towing speeds or Reynolds numbers between Re = 3(10%) and 3(10%).

The experimental test program conducted at the Castine field site has provided a more extensive

data base for the strumming response of relatively long marine cables and cylindrical pipes under con-
trolled conditions. The drag measurements made at the site with the long flexible pipe are discussed in

a separate paper by Vandiver (23). A time history of the cable drag coefficient Cp and the current V
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are plotted in Fig. 27. Tﬁe data are taken’from a typical ruﬁ with the cable 6nl§ énd'not attached
massesv. ’Fr‘om the approximately 35 minutes of data recorded with the ca‘ble strumming it is clear that
the hydrodynamic drag is increased consistently from the level that is typical of a stationary cylinder or
cable (CD:<= 1 to 1.5). The measurements of Cp are consistently between 2 and 3 for the time interval
shown when the current velocity is near 1.2 kt. -The strumming response of the cable was in the first

six (n = I to 6) natural modes.

An example taken from one of the more complex tests (Run 20_‘of Table 1) is shown in Fig. 28.
Six cylindrical masses were attached to the cable: tWo light ones at L/8 and L/2; and four heavy ones
at L/3,:5L1’8, 3L/4 and 7L/8. The RMS strumming fesbonse data shown for a two and one half hour
time pe'riod in Fig. 28 were recorded at 3L/4, where both one of the attached masses and an accelerom-
eter pair were located. Several segments of the drag and strumming displacement amplitude plots are at
relatively constant levels. These probably represent time periods of resonance or ‘lock-in’ between the
vbrtex shedding and the strﬁmrf-]ing. Several exavmples taken over a shorter time period (448 seconds)

are now discussed.

A segment of data derived from Run lOi of Table 1 is shown in Fig. 29. Two heavy masses were
attached to the cable at L/3 and 2L/3. The drag coefficient, the current speed, and the horizontal and
vertical rms strumming displacement amplitudes all are plotted in Fig. 29 for a typical 448 second ‘time
period during this test run. The measurements were made with the accelerorﬁeter pair at 5L/8 along

the cable. Frequency spectra for each of the horizontal and vertical accelerometers are shown in Fig.

» 30. Three stacked graphs are shown for the two directions and each graph represents a strumming fre-

quency spectrum taken from a two and one-half minute segment of the data file for this test run. The
displacemem output derived fr‘om'the ver‘tical‘ accelerometer is predominantly at a frequency near 3 Hz,
with a svmaner spike near 1 Hz. The spectra derived from the horizontal accelerometer are éharacter-
ized by peaks at twice those of the vertical accelerometer. This is as expected since the fluctuating drag
force in the horizontal direction has a frequency of twice the fluctuating lift force due to vortex shed-

ding. The predicted natural frequency of the # = 5 mode for this test run is 3.1 Hz. It is likely then
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that the strumming résponses shown in Figs. 29 and 30 are either at or near this resonant frequency. ,
The response spectra also may contain some energy at the Strouhal frequency ‘of the flow and this may

account for the twin peaks in some of the spectra.

The coefficient of the hydrodynamic drag' force was amplified considerably, to Cp = 221031, as |
‘shown in Fig. 29. This is a substantial increase from the typical drag coefficient of Cp ~1 to 1.5 for a.
stationary cable. The vertical displacement amplitude of ihe cable strumming varied between Y =
'+0.2 and 0.6 in (rms). This relatively small amplitude at the SL/ 8 location is consistent with vibra-
tions in the n = 5 cable mode, since a .no,de of the vibration pattern then is to be expected at 3L/5
nearby. The level of the drag amplification would appear 10 indicate that a somewhat larger amplitude
should be expected at the antinodes of the cabfe vibration. ;
v, Another example taken from one of the more-complex tests (Run 14 of Table 1) is shown in Fig.
31. Four heavy cylindriéal masses were attached to the cable: at L/8, 3L/8, SL/8 and 7L/8. The
cable tension was approximately 600 1b. The strumming response data shown for the 448 sec time
period in Fig. 31 were recorded at 51/8 where both one of the attached masses and an accelerometer |
pair were locatéd. The vibration level over the time of the test run was apyﬁroximately Y= 103 to
0.45 in (rms), indicating that the attached mass did not act as a node of the cable system vibration pat-
tern. The drag coefficient of the force on the system is Cp = 2.4 to 3.2 which represents a substantial
amplification from the stationary bare cable value of Cp = 1.2. The relative contributions of the cable
and the masses to the overall drag have not been determined. The frequency spectra for the vertical
and horizontal displacement-time histories in Fig. 32 again clearly show resonant spectral speaks at the
vbrtex shedding frequency (vertical) and twice the vortex shedding frequency (horizontal). The cable

strumming vibrations in this example again are most likely to be in the fiftth mode (n. = 5).

A third example is given in Fig. 33. For this case (Run 16 of Table 1) six heavy masses were
attached to the cable: at L/6, L/3, L/2, SL/8, 3L/4 and 7L/8. The cable strumming response meas-
urements were made at L/6, again a location of both a mass and a pair of accelerometers. The drag

coefficient in this case varied from about Cp = 2.4 to 2.8. Over most of the time history shown the

11
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POWER SPECTRAL DENSITY
(MAXIMUM ENTROPY METHOD)

POWER SPECTRAL DENSITY
(MAXIMUM ENTROPY METHOD)

| i T T T ¥ I

2 _ 4 6 8 10
- . FREQUENCY, f/Hz
Fig. 32(a) — Vertical displacement amplitude.
/\—’\_/—\A
AN :
T T | T T T T T T
2 4 6 8 10

FREQUENCY, f/Hz
.Fig. 32(b) — Horizontal displacement amplitude.
Fig. 32 — Strumming frequency spectra for the cable with four attached masses (Run 14 of Table 1).
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displacement amplitude varied between Y = 0.1 and 0.4 in (rms). The frequency spectra of the meas-
~ ured vertical and horizontal strumming displacement amplitudes shown i‘n‘ Fig. 34 are non-resonant with

several (five to six')‘ distiilct frequency spikes. It is likely that ‘thg cable response consists of several

modes. These are three typical examples of the strumming drag for the cable with attached masses.

Similar increases in drag were measured for all of the test runs with masses attached to the cable.

Several test runs were conducted with a bare cable during these tests. A 300 second time history

for one such test is shown in Fig. 35. The cable was resonantly strumming at 1.9 Hz in the third mode

normal to the current and 'nonresonantly in the fifth mode in line with the flow at 3.8 Hz. The vertical

displacement amplitude is approximately ¥ = +0.6 to 0.7 D(fms) over the length of the record (7,8).
The average drag force coeﬁ_icient on the cable is approximately Cp, = 3.2; this is considérably greater
than the drag coefficient Cp = 1 to 1.5 that would be expected if the cable were restrained from oscil-
lating under these same flow conditions. The drag coefficint on the strumm_ing cable was predicted with
the equation {see Appendix C)
Cp,avg = Cpoll + 1.043 (2 Ypys/D)%51, i

which was derived from the origjnal results of Skop, Griffin and Ramberg (20). The strumming drag
coefficient predicted using this equation is in the range Cp = 2.4 to 2.6 as shown in Fig. 35. This is
somewhat below the drag force coefficient measured at the ﬁeld site, but the predicted values are rea-
sonable. The predicted drag on the oscillating cylindricai pipe was virtually indistinguighable frOfn the

measured drag coefficient (8,23).

The NATFREQ code \.vas‘ modiﬂed as described in Append»ix C in order to account for the drag on
the attached masses. This now is done in the two subroutines TTDRG and TWDRG of thé code. The
overalli mean drag coefficients for Runs 10, 14,' 16 and 20 in Tablc 1 were computed in order to assess
the effect of the attached masses on the overall hydrodynamic force‘.i The final results are given in
Table 6. The attached masses, between two and six in number, do not greatly affect the overall drag oﬁ
the system. However, the stationary cylinder drag coefficient was reduced to Coo = 0.8 to take account
of the smali aspect ratio (L/D = 3.4) of the cylindrical masses. For a cable with a large number of

attached masses there is likely to be a proportionately greater effect on the drag. The comparison is
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POWER SPECTRAL DENSITY
{MAXIMUM ENTROPY METHOD)

POWER SPECTRAL DENSITY
(MAXIMUM ENTROPY ME THOD)

e

T T T T T T T T Y
0 2 4 i 6 8 10
FREQUENCY, £/Hz

Fig. 34(a) — Vertical displacement amplitude.

N My

T - T ] 1 T H 3 G Vl
0 , 2 4 6 8 10
FREQUENCY, f/Hz

Fig. 34(b) — Horizontal displacement amplitude.

Fig. 34 — Strumming frequency spectra for the cable with six attached masses (Run 16 of Table 1).
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' DRAG COEFFICIENT:

PREDICTED DRAG COEFFICIENT

- CURRENT (FT/S)\

VERTICAL RMS (INCHES)

DRAG COEFFICIENT, CURRENT, VERT. RMS; HORIZ. RMS

¥ HORIZONTAL RMS (INCHES)

0 | 300
TIME, SECONDS |

Fig. 35 — Time histories of the measured and predicted drag'coefficients Cp, the rms cablé strumming displacément amplitudes,

and the current speed for the bare cable (7,8). RMS displacement data were derived from thé atéélerometer pair located at x =~
LS.
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- only qualitative because the predominant modes of response corresponding to the drag-time histories in

Figs. 28, 29, 31 and 33 are not known. The average drag coefﬁcients for the mode n = 4 are given in
the téble as exarﬁples' These aré representative of the cable strumming responses measured during the
e\Xperime'nvts". The computed drag cqefﬁcients are generally within,or close to the_range’ measured at the
Castiné Bay'test site. Th‘c.ase results provide a reasonable basis fo1j concluding that the NATFREQ
computer code can be used with some confidence to provide engineering estimates of the mean hydro-

dynamic drag forces on marine cables with arrays of discrete masses attached to them.

Table 6
Hydrodynamic Drag Forces
1981 Castine Bay Field Experiments,
Marine Cables with Attached Masses

Test Ranget Drag Coeflicient, Drag Coefficient,
Number Cable (Avg.)Tt | Cable & Masses (Avg)T1t
10 2.2-3.2 3.00 S 3
14 2.4-3.2 2.76 301
16 2.1-29 2.82 3.13
20 2.1-3.1 2.83 : 3.15

+Measured at the test site. :
ttComputed using NATFREQ; Mode number n = 4, Cpy = 1.2.
t1tComputed using NATFREQ; Mode number n = 4, Cpq = 1.2,
(cable), Cpy = 0.8 (attached masses).

The amplification of the drag measured during these field experiments is comparable to the drag
increases due to vortex shedding that have been measured in recent laboratory-scale experiments with
cables and circular cylinders (23,24). For example, Overvik (24) measured drug coefficients of Cp, =
2.5 when a model riser segment (a bare circular cylinder) was oscillating in water with ¥ = +1.1D.
This is an increase of 230 percent from vthe éomparable measurement when the cylinder was restrained
from oscillating. Griffin et al (17) have summarized recent laboratory-scale measurements of the dfag

on strumming cables. Comparable increases in Cp were commonly obtained in the tests that were

reported.
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. 1.4 Validation of NATFREQ

The results obtained in.air can be used with the in-water .ca‘ble strumming results ﬁo_ validate the
NATFREQ computer code for use in engineering calculations. The natural frequencies for the cable in
‘water ‘were derived by C.Y. Liu at MIT from spectral analysis of the Castine Bay field test data. In
mosi instances the measured frequencies plotted in figures are averages derived from two or three spec-

tral estimates.

M’eas'uVrements in Water. Comparable measurements of the cable’s natural frequencies to those

made in air were also made ffom data collected while the cable was strumming in water. The natural

frequencies were derived from power spectral density plots for each cable-added mass configuration and

were computed from 136 seconds of data. Two examples of the spectral density-frequency plots of the
vertical acceleration signal are shown in Figs. 36 and 37. The averaged spectra were taken over a 136

second time period, or over 4096 points. The vertical 1inc$ ,r,ep,r_es_ent NATFREQ-predicted fchggggics,.

The accelerometer pairs located at L/8 and L/2 were employed in the analysis. It was anticipated

that the L/2 location would be a node for the evgr,_r(n = 2, 4, etc.) cable modes, so that differences in

the spectral density plots from 'th,e‘two locations could be used to discriminate between odd and even
cable modes. In some cases this proved to be a reasonable approach. szst of i‘hgmqqrgs that were
analyzed were characterized by ﬂQ\rl;resQ!la!JI strumming behavior, so that each frequency spectrum typ-
ically showed a distribution of peaks from Whi.éh several participating cable modes could be identified

_ with confidence.

A reﬁrese’n-tative cdmparisoh of the_: computed and measur,,ed natural freqt‘xencié_s\i,s given ‘,i“n Table
7 for those test runs which have provided reliable accelerometer, tension, and current d?ta. For the
listed casevs> in which the natural frequencies can be ‘discrimjnate‘d _réliably, Ib’giare’ is goo_d,ag‘r;eemgnt
between the predicted and measured natural frequencies. Generally the differences between the two

sets of frequencies are less than ten percent in all cases, and the horizontal and vertical accelerometers
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Table 7 — Measurements of Natura! Frequency (In-Water)
1981 Castine Bay Field Experiment,
Marine Cables with Atusched Masses

. ‘ “Measured
Test Mode | NATFREQ-Predicted Frequency, Hz
Number* ' Frequency, Hz '
Vertical | Horizontal
2 1 0.63 0.72 0.72
2 1.25 1.40 1.41
3 2.10 2.20 2.24
4 2.81 2.70 2.71
) 3.12 3.30 3.27
7 4.53 482 4.76
4 2 1.21 1.33 1.37
3 1.80 1.85 1.85
4 2.37 2.60 2.70
7 4.64 4.83 4.81
8 1 0.56 0.6 0.6
2 1.13 1.16 1.16
3 1.67 1.68 . 1.69
4 2.22 2.29 2.37
5 2.73 2.83 2.87
7 3.56 365 3.67
12 1 0.58 0.76 - 0.76
2 1.16 1.26 1.25
3 1.71 1.72 1.72
4 2.22 2.20
5 2.62 2.67
16 2 1.10 1.10 1.10
3 1.62 1.74 1.74
8 5.30 5.22

T

*From Table 1.
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at the two measurement locations give almost identical results in virtually all of the modal determina-

tions listed in the table.

The results from tw,ohtypical fest runs are plotted in Figs. 38 and 39. In the first example seven
light masseé were attached to the cable at mL/ 8,' m= l, to 7. The in-wa;et natural frequenciés plotted
in Fig. 38 confirm the good agreement that is suggested in Table 7, for the cable’s natural modes up to
n = 7. Another example is given in Fig. 39 for the cable with two light masses attached at L/3 and
2L/3. The measured and predicted natural frequencies in water are in agreefnent upton=7and n=
11 (not shown in the figure). The latter fwo frequencies were identified by comparing the spectral plots
at L/8 and L/2, and by noting the presence of peaks in the spectra from the vertical and horizontal
accelerometers at L/2. On this basis it reasonably can be assumed that the frequencies are odd modes
and are equal to n = 7 and n = 11. It also is clear from Fig. 39 that the measured natural frequencies
exhibit the same discontinuous behavior that is predicted when the number of cable segments is equal

to the mode number n.

Several in-air natural frequencies also are plotted in Figs. 38 and 39. As had been noted
, earlier therg also is good agreement between the measured and predicted frequencies in these cases.
The added mass effect of the water is evident from the computed and measured results. In most cases
the predicted natural frequencies are slightly lower than the measured values. An added mass
coefficient C,, = 1 was chosen for both the cable and the cylindrical masses. This value may be
slightly high but it is difficult to justify another choice a priori, especially since the measured and

predicted frequencies are in such close overall agreement.

It is clear from the results of this comparison that it is possible to predict the natural frequencies
of a taut cable with attached.masses to better than ten percent. . However, at the higher modes the
diﬁ'erence in freqqency between modes will be considerably less than this value. Then it is difficult or
imﬁvossible to poSitivély identify which speétral frequency is associated with which predicted mode..
Such detailed identification would require more extensive.kn'owledge of the mode shapes of the system.
As a practical matter this requires many more measurement locations, with the concomitant expense of

additional instrumentation such as accelerometers and a more complex cable construction.
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Fig. 38 — A comparison between predicted (NATFREQ) and measured natural frequencies for a cable with seven light. attached
sylindrical masses (Runs 7 and 8 of Table 1). Measured in air, 0; measured in water. @; remaining legend as in Fig. 14.
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8. SUMMARY

8.1 Findings and Conclusions

Both laboratory-scale and field experiments have been conducted to investigate the effects of
attached' masses on the vortex-excited strumming responée of taut marine cables. A comparison has

been made in this report between the natural frequencies and mode shapes computed with the

- NATFREQ computer code and measured during the 1981 Castine Bay field experiment. Also, as back-

ground, and for additional comparisons, summaries are given here of the NATFREQ cable analysis
algorithm and other recent expériments to study the flow-induced strumming response of cables with

arrays of attached masses.

Twenty test runs were conducted during the expeﬁmentél phase of thé progfém. These consisted
of ten pairs of equivalent tests conducted in air and in water. The measured 'in-air natural frequencies
are in good agreement with the NATFREQ predictions for the second and highér (up to # = 5) cable
modes. The first mode frequency apvparently was influenced by the sag of the cable. The measured
mode shapes o.f the cable vibrations in air are in agreement with the computed mode shapes, but 6n1y

limited mode shape comparisons are possible due to the existing capabilities of the code.

Good agreement also was obtained between the NATFREQ-predictéd natural frequencies and the
frequencies measured in water. It is clear from the comparisén given in this report that it is possible to
predict the natural frequencies of a faur cable with attached masses to better tﬁan ten percent. How-
ever, at high cable mode numbers the difference in f‘requency between modes often is considerably less
than this value. Then it is difficult to positively identifv which measured cable frequency is associated

with which predicted mode.

The results available to-date tend to validate the NATFREQ éomputer code as a reliable engineer-
ing model for predicting the natural frequencies and mode shapes of faut marine cables with arrays of

discrete masses attached to them.
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The stattc and &lyqamic: arla]yses of e marine ct;_bie system that experiexrces e_nvr’rorttrrental_ 1oading
require the egl_eqlgt_i}ohof the hydrodynamic drag forces. Strumming of a cable segment due to vortex
shedding increases the overall mean drag force and results in a corresponding increase in the cable drag
force and coefficient. The calculation of the strumming drag requires as inputs the natural frequencies
and mode shapes of the cable. For a c,éblc‘ segment with masses attached to it the NATFREQ code pro-

vides this information.

Measurements of the hydrodynarmc drag forces durmg the Castrne Bay ﬁeld experrments con-

srstently pmduced drag coeﬁiaents in the range CD = 2 to 3. 2 for the bare cable and the cable with

attached masses. This is a substantral amphﬁcatron of the drag force from the expected level for a sta-

tionary cable (CD = 110 1.5).

The drag coefficient on the strumming cable was predicted by Vandiver (23) with a strumming
drag model that was d?v.?b?ed. at NRL as part of the overall l‘iCEL cable dynamics research program.
The predicted drag 6ri. the ca.blé was within e.zb.éut 20‘9,e.r,c.em of the measured drag. F% a complemen-
tary expenment at the test site with a ﬁex:ble circular steel pxpe, the predrcted drag coeﬁicrents were

vrrtually mdrstmgurshable from the measured drag coefﬁments (23)

The NATFREQ computer code contains a routine for computing the amplified hydrodynamic drag
due to strummmg This routine now has been modrﬁed to account for the drag on the attached masses
(cylmdrtcal and spherrcal) Prevxously only the strummmg drag on the cable segments between masses

was completed.

8.2 Recommendations

Severai recommendatrons have been developed as a result of the comparrson between the

NATFREQ code predlctlons and the Castine Bay field tests. These recommendatrons are:

®  Cable sag or slack cable effects often play an important role in the dynamics of marine
~cables. The NATFREQ code is limited to raur cable dynamics. Consideration should be
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_given to the déve]opment of a comparabie code for the éalculatiqnjof the natural frequen-
cies and mode shapes of a slack cable with attached 'm_assés. ‘At leaét one such code,

‘called SLAK, presently exists in rudimentary form (1).

0 ' Many of théf data records from ﬁxe 1981 Ca_;sti,ne,ﬁeld, eprérimeht ,q‘onfain 'léngthy time |
segments ﬁhere the cable strumming is nonresonant, ie. fhe vibratiori,s and the vortex
sheddihg are'nbi locked-on at.a single resonant frequency. 'Cbnside,ration should be given ‘
o develop.'ing a simple but still effective method for taking' nonrésonant strumming effects

_ “into account in determining the cable response and the strumming-induced hydrodynamic

drag force and coefficient Cp.
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CUFTNA L

PROGRAM NEUNT
PROGRAM MEUNAT(INPUT,OUTPUT, TAPES=INPUT, TAPE&-OUTPUT)
TITLEC 8) IS 80 CDLUHNS 0F TITLE INFURHATIB“
CDI =8(PLANK) IF NONUNIFORM CABLE WEICHTS AND DIAMETERS ARE T0 BE
SUPPLIED FOR EACH SEGMENT
B IF CABLE WIEGHTS AND DIAMETERS FOR ALL SECMENTS ARE
. SAME AS FIRST SEGMENT - , v
CT =0(BLANK) IF NONUNIFORM CABLE TENSIONS ARE TO BE SUPPLIED FOR
EACH CABLE SEGMENT :
i IF CABLE TENSION FOR ALL SEGMENTS 15 SAME AS FIRST
: SEGMENT
NSEG = MN@. OF SEGMENTS
NPLOT = BLANK -MO PLOT REQUIRED
PLOT -PLOT OF AMPLITUDE _
SCRL -EACH MODE, SCRLL FASHION
PLEN = LENGTH OF DESIRED AMPLITUDE PLOT(IN)
DEFAULT = 20.
CL(I) = LENGTH OF I-TH CABLE SEGMENT (FT)
D(I) = DIAMETER OF I-TH CABLE SEGMENT(IN)
CDC(I) = DRAG COEF. OF I-TH CABLE SEGHMENT
WC(I) = TOTAL WEIGHT OF I-TH CABLE SEGMENT INCLUDING ADDED WATER
WEICHT (LB/FT)
TC{I} = TENSION IN I-TH CABLE SEGMENT (LB)
AW(I) = TOTAL ADDED WEIGHT AT END OF I-TH CABLE SEGMENT IkCLUDING
ADDED WATER WEIGHT(LB).  AW{(NSEG) IS ARBITRARY. ‘
CDACI) = CDRAREA FOR I-TH ADDED WEIGHT IN FT#%2
STWT(I) = SPRUNG MASS AT THE END OF SPRING AT END OF THE I-TH
 CABLE SECMENT INCLUDING ADDED WATER WEIGHT (LE)
HXMDS = MAX NG OF MODES TO BE FOUND IN SEARCH
AL = ACCURACY PARAMETER IN NODE SEARCH,USE 0.004 NOMINAL
OMNAT = NATURAL FREQUENCY OF THE ATTACHED SPRING-MASS COMBINATION
OMSTRT = BEGINNING FRED. FOR MODE SEARCH (RAD/SEC) '
OMSTOP = ENDING FREQ. FOR MODE SEARCH(RAD/SEC)
DELOW = FREQ. SEARCH INCREMENT (RAD/SEC)
~~CALCULATED INTERNALLY IF DELOM=0

 UNITS = { FREQUENCY SEARCH IN RAD/SEC

2 FREQUENCY SEARCH IN HERTZ

3 FREQUENCY SEARCH IN FT/SEC

4 FREQUENCY SEARCH IN CM/SEC

S FREQUENCY SEARCH IN KNOTS
ISUPRS = 8 FULL PRINTOUT OF SECENT RESPONSE

1 SUPRESS FULL PRINTOUT
ZETA = DANPING RATIO FOR CABLE IN AIR
RHOW = WEIGHT DENSITY OF FLUID IN LB/FT$X3
S(I) = ARC LENGTH TO END OF I-TH SEGNENT
CPCI) = COUPLING PARAMETER
DUCI) = ARRAY OF DISTINCT CABLE DIAMETERS
DS = DIA OF STRUMMING CABLE SEGHENTS =~ S
STIF(1)=SPRING STIFFNESS AT END OF THE I-TH CABLE SEGHENT(LB/FT)
COMMON/C1/CLC 20),DC 20 ,WCC 24),TC( 21),AHC 247 ,NZX( 21} N3EC,
$ALP( 21)
COMMON/C2/A( 21),BC 21) ,PHASC 21),P1,BSTZE, APL( 21) RAMP: 21)
CONNON/C3/CD( 24)

Hon

94



-

COMHON/CA/BHAX, JPLTNO
COMHON/C6/STIF( 24),STHT( 24)
COMMON/C7/BN( 21) BNSIZE
 COMHON/C14/CDEC 24),CDAC 24),CPL 20,08, ZETA, ZETAE,RHOW, RML,
1CDAS( 21) .
DIMENSION S5¢ 24),DU¢ 21)
INTEGER TITLE(40),UNITS,CDI,CT
REAL KOMSRT,KOMSTP,KDELOM
DOUBLE PRECISION OMCD,OMP,Xi,X2,B1,52,BP,BC
t - -
CEXIRXSET FUNCTIONS AND CONSTANTS
HERTZ(X) = X/(2.%P1)
JPLTNO=8
PI = ATAN2(O. ,-1.)
CSTRHN = 8.21
MD =
CESS4READ/WRITE INPUT DATA
10 READ(S,1001)(TITLE(T),I=1,40)
€ IF(EOF(5))9999,14
1601 FORMAT(4042)
C i1 CALL DATE(IDAY)
€ CALL TIMECITIM)
WRITE (6,1002) (TITLE(K) K=1,40) , IDAY, ITIN
1002 FORMAT LI, 40A2/6R DATE-,ALD,7H  TINE-,AL0/1X,80(1H= "1y
ITINE = @
1APROX = ¢
READ(S,1803)CDI,CT
£003 FORMAT(2140)
READ(S,1804)NSEE, NPLOT ,PLEN
1004 FORMAT(I410,A2,2X,F5.0)
YRITE(6,1885)ND
1005 FORMAT(1X,1ZHDATA SET NO.,I3//17H CABLE PARAMETERS/)
WRITE(6,1006)
1806 FORKAT(1X,8SHNOTE- ALL WEIGHTS ARE TOTAL EFFECTIVE WEICHTS AND INC
SLUDE EFFECTS OF ADDED WATER MASS)
CEXERIREAD FIRST CABLE SEGMENT INFO HERE
READ(S,1046)CL(1),D(4),LDCC1), MC(1),TCL1),AM(1) ,CDACE), STIFL L),
1STUT(1)
1016 FORMAT(F10.0,2F5.0,6F10.0)
1F(CDI.EQ. DWRITE(S, 1007)
1007 FORMAT(7X,SSHCABLE WEIGHT AND DIAMETER ARE SAME FOR EACH SEGHENT)
IF(CT.EQ. JBRITE(, 1008)
1008 FORMAT(7X,3BHCABLE TENSION IS SAME FOR ALL SEGMENTS)
WRITE(6,1509)
1009 FORMAT(//,1X,3HSEG, 5%, bHLENGTH, 3X, {0HARC LENGTH, X,
£ 4HDIAN,3X, 4HDRAG , 3X, SHWT/LENGTH, 3X, THTENSTON,
2 3X,BHATTACHED, 3X, 7HCDSAREA, 3X, 7HATT SPR ,4X, bHEPRUNG,
3 30, 12H SPRING-MASS/
4 2X,2HND, 6X, AH(FT), 7X, 4H(FT) ,6X , AHUIN) ,3X, AHCOEF ; 4X ,
S TH(LB/FT),SX,AH(LE),5X,BHWT  (LB),3X,7H(FTX&2) ,3X, 7H(LE/FT),
& 3X,BHHASS (LB),3X,41HN FRER (HZ)/)
CX¥RXSCHECK HERE FOR NON UNIFORM MEICHT,DIA AND TENSION
IF{CDI.EQ.0.AND.CT.EQ.0) GO TO 430
CEX¥XYCHECK HERE FOR NON UNIFORM WEIGHT AND DIA ONLY
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000 IF(CDTER.®) 60 T0 120
CES3XACHECK HERE FOR MONUNIFORM TENSION ONLY
IF(CT.EQ.§) €0 TO 140
CASEXKUNIFORM WEIGHT,DIA AND TENSION
D0 161 I = 2,NSEC
READ(S,18£1)CLCT) ,AH(I) ,CDACT),STIF(I) , STHT(D)
10£1 FORNATCF1B. 0,30%, AEL0 .0
WED=RCD ‘
B(I)=D(4)
COC(T) = £BCED)
TCLD=TEW)
461 CONTINUE
CO TO 140 o
‘CXXTERNONUNIFORN TENSION ONLY
416 D0 ‘{1t 1 = 2,NSEC .
READ(S, i!i’)CL(I) TCCT) ;AWCT) ,CDACT)  STIF (1), STHT(D
1042 thnmm B,20%, EF1. a)
WCD=NE(D
TOC(D=CDC(1)
D=
111 CONTINUE
£0 TO ‘140 .
CHECERNON UNTFORM WEIGHT AND DIA ONLY e
120 DD 121 T = 2,NSEC _
'READ(S, 1613)CL(I) D(I),CDC(TY, HC(TY, AH(I) COA(T), STIF(I) STUT(D)
1043 FORMAT(F18 '8,2F5. a F10.8,10X, A1)
CTE(=TC(L)
421 CONTINUE
‘50 TO 148
CEXKENON UNIFORM WEICHT,DIA AND TENSION
430 D0 131 T = 2,NSEG
READ(S, 1916)CL (D), DCT), EDE(T), HC(T), TC(D) [AN(T), D) ,5TIF (D),
) {STWT(D)
134 ‘CONTINUE
TESAWRITE OUT CTABLE PARAMETERS

140 CLT=0.8
MT=8.0
THIN = TC(D
WHAX = WL
SARC = 8.8
DMAX = 8.8
AW(NSEG) = 8.0
DO 141 1 =1 NSEG
s =190

SARC = SARCHCL(D)
‘5(1) = SARC ’
OMNAT = B

IF (STHT(I) 'NE.D) OMNAT = SGRT(STIF(D)¥32. °/STHT(I))/(2 1)
WRITE(6,1814)1,CL(D,5(1),D(1),EDC(T)  WELT), TC(L) ,AWCT), CDA(I)
1 STIF(I) srur(x) nnNAT
1014 FORMAT(LX,13,3X, 8.2 ,3X,F8. L,4x F5.2,2X, 5.2,3X;F7.2,5X,F7.2,
1 3X,F7.2,3x, F7. 2 2X,F8.2 2 (4%,F7.2,6X,F8.
'Cﬁ*il*CALCULATE ALPHA(I) LT AHT‘THIN wﬂAx '
CLT = CLT + CL(D)
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AUT = AWT + AWCI)4+STET()

IF (TC(I) .LT. THIN) THIN = TC(I)

IF (HC(I) .GT. WHAX) WMAX = WC(I)

ALP(I)= SART(WC(1)/32.2/TCL1))

IF (D{I) .GT. DMAX) DMAX = D{D)

IF (1 ER. 1) DMIN = DMAX

IF (D{I) .LT. DWIN) DHIN = D{I)
141 CONTIMUE ‘ '

- CEXEXRFIND NO. OF DISTINCT DIA. AND STOREF

(=1
DUC1)=D(1)
IF(CDI.NE.D) GO TO 140
D0 158 J = 2,NSEC
C K=K+
DUCK)= B(I)
T
D0 1451 = 4,11 _
IF (ABSC(DLI)-D(T))/D{T)) 6T, 0005) GO TO 145
K=K -1
€0 T0 150
$45 CONTINUE
158 CONTINUE
160 NOD = K
IF (AMT/CLT .GT. WHAX) WMAX = AWT/CLT
READ(S, 1045)HXNDS, ONSTRT ,04STOP , DELOM, ACC, UNITS, ISUPRS,
{ ZETA,RHOM
1015 FORRAT(I40,4F10.0,15,15,2F10.0)
IF(RHOW.EQ.0.) RHOW = 62.4
CREYYRCHANCE FROM INPUT SEARCH UNITS TO RAD/SEC
CALL UNIT (OMSTRT,OMSTOP,DELOM,UNITS,DHAX,DNIN)
CXXXSRSET DEFAULT ACCURACY TO 0.005 PERCENT
IF (ACC .LT. 1.0E-7) ACC = 0.00005
IF (ONSTRT .EQ. 0.0) OMSTRT = 1 0F-10
CASYBXCALCULATE DELOM - FREQUENCY SEARCH INCREMENT
IF(DELDK.NE.0.) GO TO 210
DELOM = SQRT(THINK32.2/WMAX)/CLT/20.0
210 WRITE(6,1017) NSEG ,
1017 FORMAT (/24H TOTAL NO OF SEGMENTS = ,13/)
WRITE(6,1030) MXHDS
1030 FORMAT (1X,29HHAXIMUM ND OF HODES SOUGHT = ,13//
i 15X,19H MODE SEARCH LINITS/11X,6H LOWER,4X,6H UPPER/
2 {1%,6H LIMIT,4X,6H LIMIT,2X,10H INCREMENT)
CRAXRZWRITE SEARCH LIMITS IN RAD/SEC
WRITE(6,1031) DMSTRT,OMSTOP,DELOM
1031 FORNAT (8H RAD/SEC,3F10.5)
CEXXIKURTTE SEARCH LIMITS IN HERTZ
HOMSRT = HERTZ(OMSTRT)
HOMETP = HERTZ(OMSTOP)
HDELOM = HERTZ(DELOM)
MRITE(6,1032) HOMSRT HOMSTP HDELOM
1032 FORMAT (BH  HERTZ,3F10.5)
CAXXUXURITE SEARCH LIMITS IN FT/SEC
FONSRT = OMSTRTR(DMIN/{2.)/(2 XPIXSTRHN)
FOMSTP = OMSTOPR(DMAX/12.)/(2. ¥PIXSTRHN)
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FDELOM = DELOMS(DNAX/12.)/(2 XPIXSTRHN)
WRITE(S,1833) FOMSRY,FOMSTP,FDELON
1033 FGRHAT (B4 FT/8EC, 3F10 5
CEXSXAURITE SEARCH LIHITS IN CM/SEC.
COMSRT = ONSTRTR(DMIN/12.)/(2. ¥PIXSTRHN)%30.48
COMSTP = OMSTOPX(DMAX/12. )/{2. tPIXGTRHN)*SB 43
CDELOM = DELOMS(DMAX/12.)/(2. tPIXSTRHN)*30 48
HRITE(5,1§34) COMSRT ,COMSTP ,CDELOM
1034 FORMAT <84 CM/SEC, 3F10 5)
Clt!ttHRITE SEARCH LIHITS IN KNOTS
KOﬂSRT = DHSTRTR(DHIN/12.)/(2. XPIXSTRHN)!O 5924
KBHSTP = GﬁSTOPl(DHhX/iE /142, XPI*STRHN)*ﬂ 5921
KDELOM = BELQH!(DHAX/IZ Q2. !PI*STRHN)*O 5924
WRITE(6,1835)KOMSRT ,KOMSTP ,KDELOM
1035 FQRHA? (BH KNOTS, 3F19 5)
CRXIXIWRITE INITIAL CﬁBLE DAMPING COEF. AND FLUID DENSITY
’ HRITE(S i&SL)ZETA RHOM
1036 FORMAT(//,324 FRACTION OF CRITICAL DAMPING = ,F7.4,//,
i {74 FLUIb DENSITY = ,4PE10. 4,104 (LB/FT13) H
CXXXRXBEGIN SEARCH FOR NATURAL FREBUENCIES
OMP = -1.8
NROOT = 1
ISERCH = 8
OMCD = OWSTRT .
300 IF (ONCD _GE. (DHSTOP + DELOM/10.)) GO 70 500
IFOUND = § ' T
310 CALL SQLU(OHCD)
BC = B(NSEG + 1)
IF(IFDUMD NE.G) GO TO 350
IF(ISERCh N£ 5} GD TO 320

BP = BC
ISERCH = {
320 IF(BCKBP)349,340,330
330 OMP = OMCD
BP = B
OMCD = OWCD+ DELOM
60 TO m
340 BY =
B2 = ac
Xi = OWP
X2 = OHCD

350 IFOUND = IFOUND +1
- IF (IFOUND .GT. 100) GO TD 400
IF (DABS(BC/BSIZE) .LE. ACC) GO TO 380
IF(B4SBC LE.0.) GO TO 360
Bi = KC
Xi = OMCD
G0 70 370
360 B2 = BC
X2 = GHCD |
370 OMCD = X1-(X2-X{)4B1/(B2-B{)
GO TO 348
CREREANATURAL FREQUENCY FOUND
380 CONTINUE

98



"5

OMC = OMCD

- CERRERCALCULATE NOMINAL AﬁPLITUDE AND PHASE OF EACH SEGHENT

CALL AHPH
CRRiukCALCULATE NOD. ZEROXINGS QND IDENTIFY HDDE NO.
' CALL ZEROX(GHMCD,NNO) '

- CXRaexL0O0P FOR ALL DISTINCT DIAMETERS

DO 430 K = 1,NOD
DS = DUK)
CARKSXFORM COUPLING ARRAY
DO 385 T = {,NSEG
CP(I) = 0.
TF (ABSU(D(T)-DS)/DS) .LT..0005)CP(I) =
385 CONTINUE
CKXERECALCULATE M FACTOR AND OTHER INTEGRALS
~ CALL IMODE{DHC) |
CRXX$XCALCULATE EFFECTIVE DAMPING FACTOR AND MASS
CALL DANP |
CRXXSXCALCULATE TRUE RESPONSE AMPLITUDE FOR EACH SEGMENT
CALL RESHP
CXAKSRCALCULATE CD/CDO FOR EACH CABLE SECHENT
CALL SGDRG(OHCD)
CKRRURCALCULATE TOTAL DRAG COEFF OF CABLE ALONE
CALL TTDRG (CDT)
CXS¥RACALCULATE DRAG COEFF CORRECTION FOR STRUMMING OF
ChErag CYLINDRICAL ATTACHED MASSES
CALL TWDRG(DCDW)
CRUXSRCALCULATE TOTAL DRAG DUE TO STRUKMING OF CABLES
CREAsx AND ATTACHED MASSES
CDRCT=CDT+DCOM
CREXUXURITE OUT RESULTS FOR THIS MODE
HOMC = HERTZ{OMC)
VELFT = OMC$(DS/12.)/(2 4P T#STRHN)
VELCH = VELFT % 30.48
" VELKTS = VELFT % 0.5921
BN(NSEG+1) = BN(NSEG+{)/BNSIZE
IF (ITINE .EQ. ©) GO TO 2844
GO 1O 2812
2041 WRITE(5,260)
2040 FORMAT (iH{)
ITINE =
GO TD 2013
2012 WRITE(5,2001) o
2001 FORMAT(//AH ,B(ASHER ~wmmmmmmm /)
2013 IF (IAPROX .EG. 0) GO TO 2014
WRITE(6,2020) .

2020 FORHAT (61H NO CONVERGENCE THIS HDDE—-—APPROXIHATE RESULTS LISTEDX.

AEEXXKR/ )
IAPROX = 0
2014 WRITE(6,2045)MND,OMC ,HOMC, VELFT K ,VELCH ,VELXTS

2045 FORMAT (9H MODE NO ,I14,/13H FREQUENCY = ,F10.5,8H RAD/SEC,3H =

1 F10.5,6H HERTZ,3X,27H AVERAGE STROUHAL VELOCITY ,FiD.5S,

2 7H FT/SEC/54X,21H BASED ON DIAMETER D{(,I13,2H) ,FiC.5.7H CM/SEC/

380X,F10.5,6H KNBTS)
WRITE(S,2016)RMU,ZETAE
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2016 FORNAT(2BH EFFECTIVE MASS PARAMETER = ,{PE{0.4,
1 2iH EFFECTIVE DAMPING = ,0PFi0.4) '
IF(CDI.EQ.1) GO TO 3204
.. 60 TO 3384
3204 IF(ISUPRS.EQ.4) GO TO 420 _
WRITE(5,2082) :
2002 FORNAT (/1K ,THSEGMENT , 3X, 6HLENGTH, 2X , 1 DHARC LENGTH, ex
1 9HSEG RESP 2, BHUAVE LNG, 2X, {1HND INTERNAL,
2 2X,9HORAG coer 2x auavracnan 3X,9HMASS RESP/
3 3X,2HND,7X, 4H(FT),6X, AH(FT) , 5X , PHANPL (IN),5X, 4H(FTS
48X, anzsmss 12X, 4x SHHT WO, sx THAHPL (IN)/)
G0 TO 3564
3304 WRITE(4,3305)
3305 FORMAT <1aax 8H SEGMENT/AX,7HSEGMENT ,3X, 6HLENETH 2, 1 OHARC LENGTH,
{ 2X, FHSEC RESP,2X,BHWAVE LNG,2X, 11HND. INTERNAL , 2X , GHDRAG COEF ,
2 &, auarracuzn I, HMASS RESP, 7x {84 STROUMAL VELOCITY/
3 3X,2HNO, 7X, AH(FT) 6X, 4H(FT) 5%, 9HAHPL (1),
4 SX, MHET) ,6X, 6HZ€ROES 12X, 4x suur NO,5X, SHANPL (IN),
S 3X,6HFT/SEC, AX, 6HCH/SEL, 5X, SHKNOTS/)
3501 NSEGE = NSEG - 4
NIXT = §
BMAX = B({)
DO 400 I = {,NSEG{
IF(BCI) .GT. BHAX) BHAX = B(D) R
IF(NPLOT.NE.2HPL .OR.NPLOT.EQ.2HSC ) GO T4 3580
IF(NZX(T) .6T. @) 60 16 3570
60 TO 3580

SEE IF CABLE AMPLITUDE EXCEEDS WASS AMPL - USE GREATER
VALUE TO SCALE PLOT

IO,

3570 SEG =

STEF = CL(I) / {RIX(DY + £) X 7))
3574 SEG = SEGC + STEP

IF(SEG .6T. CL(I)) €O TO 3580 o

ANP = RARP(I) ¥ CDS(SEGKALP(I)XOMC-PHAS(I))

IF(AMP .GT. BHAX) BHAX = AMP

G0 TO 3574
3580 WUL = 2 XPI/ALP(1)/0MC

NZXT = NIXT + NIX(I)

IF(CDI.EQ.{) £O TO 3701

G0 TO 3804
3701 WRITE(6,2003)1,CL(I),5¢1),RANPCI),NOL NZX(TY,CO(D), T, BNCI+{)
2003 FORHnT(EX 13, zx Fi0. 1 Fi0 1,2X, Fil. 4, Fi1. i, 6X 13, x Fiz, 3,

i 6X,13, Fi3 )

60 70 480
3801 VELFT = OMCE(D(I)/12.)/(2 $PTASTRHN)

VELCM = VELFT¥30.48

VELKTS = VELFT%0.5921 ‘ 7 :

WRITE(&,2600)1,CL(1),5(I), RAHP(I) UL NZX (D, CD(I) 1 BN(I+1),

i VELFT, UELCH VELKTS
2100 FORMAT (2X,13,2X,F10.4,F10.4,2, Fi0.4, Fii i, 6X 13,2X,F{2.3,

i 6X,13,F13 4, 3(1x F9 3

400 CDNT INUE
100



o

IF(NSEG .NE.1) NIXT = NIXT + NIX(NSEG)
WUL = 2. ¥ PI/ALP(NSEG)/OMC
IF(CDI.EQ.1) GO TD 450
G0 TO 470
450 WRITE(6,2004)NSEG, CL (NSEG) , 5 (NSEG) ,RAMP (NSEG) , uvL NZX(NSEG)
4, CDINSEE) ,BN(NSEG*{)
2004 FORMAT (2X,13,2X,F10.4,F10.4,2%,F10.4,F18.4,6X,13, 2X, F12.3 3x,
% SHEOUNDARY, Fi1.4)
GO T0 490
A70 VELFT = OMCB{(D{NSEG)/42.)/(2. XPIASTRHN)
VELCH = VELFT¥30.48
VELKTS = VELFTX0.5924
WRITE (6,2150) NSEG,CL(NSEG) ,S(NSEG),RANP (NSEG) UL NZX(NSEG),
. 4 CD(NSEG) ,BN(NSEG+1) ,VELFT ,VELCM, VELKTS
2158 FORMAT (2X,I3,2X,Fi0.1,F10.i,2X,F10.4,F11.i,bX,IS,EX,F12,3,3X,
§ BHBOUNDARY,Fi1.4,3(4X,F9.3)) |
490 WRITE(6,2005)CLT,NZXT,COT _
2005 FORMAT(/,1X,SHTOTAL/ SX,F12.1,38X,14,2X,F12. 3,26H (ADDED WTS. NOT
$ INCLUDED ) |
495 WRITE(5,4000) CDWCT
4000 FORMAT{(41X,F12.3,22H (ADDED WTS. INCLUDED))
50 TO 430
420 WRITE(6,2030)CDT,BN(NSEG+), IFOUND
2030 FORMAT (/2X,18H AVERAGE CD/CDO = ,F10.3, R
1 26H (ADDED WTS. NOT INCLUDED),SX,BH AMPL = ,F12.5,5X,
% BH ITER = ,I40) )
430 CONTINUE
CERE¥AXRESTART SEARCH FOR NEW MODES
BP = B2
oMp = X2
OHCD = OMP + DELOM
IF(NPLOT .EG.2HPL )CALL PLMPL (TITLE,MND,OMCD,VELKTS,PLEN,S)
IF{NPLOT.EQ.2HSC )CALL SCRLL (TITLE,MNO,OHCD,NRODT,S)
NROOT = NROOT + {
IF (NRODT.LE . MXNDS) GO TO 300
€ SEARCH COMPLETE READ NEW DATA SET
SO0 ND = ND + 1
ITINE = 0
C G0 YO 40
GO T0 9999
CESXRATERKINATE SEARCH IF NO CONVERGENCE
600 IAPROX = 1
G0 T0 380
£ CLOSE PLOT IFF PLOT WAS PRODUCED
9999 IF( JPLTNO.NE. 0) CALL PLOT(.,1.,999)
STOP
END
SUBROUTINE UNIT (Af,B1,C,UNITS,D1,D2) |
CONON/C2/AC 21),B¢ 21),PHAS( 21),PI,BSIZE,AMPL( 21) ,RANP( 21)
DIMENSION OMEGA(3),DIAM(2)
INTEGER UNITS
CXXXSXSUBROUTINE TO CONVERT FROM INPUT UNITS TO RAD/SEC FOR SEARCHING
L OMEGA(1) = DMSTRT
T OMEGA(2) = OMSTOP o



C  ONEGA(3) = DELOM
RAD(X) = X$2 %P1
STRHM = .24
DMEGA(1) = A%
OMEGA(2) = BY
OMEEA(3) = €
© DIAM{4) -= D4
DIANC2) = D2
GO TO (38,40,50,50,70) ,UNITS
CARXABUNITS ARE RAD/SEC
30 RETURN
CRRRAAUNITS ARE HERTZ
40 DO 42 I=1,3
42 OMEGA(]) = RAD{(OMECA(I))
G0 TO te0
CRAXUSUNITS ARE FT/SEC
50 DO 52 I=i,2
S2 ONEGACI) = ONECA(I)X2 SPIXSTRHN/(DIAM(1)/42)
OMEGA(3) = OMEGA(3)¥2. XPIASTRHN/ (DIAM(1)/12.)
GO TO 188
CARRXRUNITS ARE CM/SEC
60 DO 62 I=1,2

o on o

62 ONEGA(T) = OHECA(I)/30.48%2 SPIXSTRHN/(DIAM(I)/12))
OMEGA(3) = OMEGA(3)/30.48%2 ¥PIASTRHN/(DIAN(1)/12.)

GO TO 180 ’
LEXEIAUNITS ARE KNOTS
70 DO 72 1=%,2

72 ONEGA(I) = OMEGACI)/8.5921%2 kPIXSTRHN/(DIAM(I)/12.)
OMEGA(3) = OMEGA(3)/0.5921%2 ¥PI¥STRHN/(DIAM(1)/42.)

100 A1 = OHEGA(D)
Bi = OMEGA(2)
C = OMEGA(D)
RETURN
END
SUBRDUTINE SOLV(OHC)

COMMON/CS/CLL 24),D¢ 24),WCC 21),TCC 24), AW 24) ,NZX{ 24) ,NSEG,

{ALPC 20)

COMNON/C2/A4 24),B( 21),PHASC 21),PI,BSIZE,AMPL( 21) ,RAMP( 21)

COMMON/CS/AD,BD
COMMON/CH/STIFC 21),5TWT( 21)

DOUBLE PRECISION AD( 21),BD( 21),ARG,OMC,DHWT,COEF

AD(1) = 1.0D8
A1) = ALY
BD{i)= §.
E{{) = BD({)
BSIZE = 0.8

DO 100 I = 1,NSEG

ARG = ALP(1)SOHCICL(D)

WAVL = 2. %PI/ALP(1)/0MC

AM = DSGRT{ADC(I)XR2+BD(1)%¥2)

IF ((CLCI) .GT . WAVL/A.) .AND. (AM.GT.BSIZE)) BSIZE = AM

BD(I+i) = AD(I)XDSIN(ARG)+BD(I)XDCOS(ARG)
B(I+§} = BD(I+1)
IF(1.EQ NSEG) GO TO 100

102
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DMHNT = 8.0

IF(ST“T(I).GT.ﬂ’.008001)UHUT=‘3QRT(STIF(I)¥32.Z/SWT(I_)‘) g

IF (DABS(ONWT/OMC) .GT.1.0804 .OR. DABS(OMNT/OMC) .LT.0.9999)60 T0 90
- WRITE(6,80)0MC ’

B0 FIRMAT(3X, ASHSPRUNG MASS ACTING AS ISOLATOR AT FREQUENCY =,F10.5)

20 COEF = STIF(I)/OﬁC/(i.e~(0MuT/on8)xe)—Au(1);9%0 s

AD{IHL) = ALP(I)X(ADCI)¥DCOS(ARG)-BD(I)XDSINCARG) YXTC(T)/ALP (T44)/

{ TCCI+4)+COEF ABD(I+4)/ALP(I+4)/TC(I+4)/32.2 '
AlT+1) = ANI+1) ' .
IF ((CL(I) LE. WAVL/4.) .AND. (DABSC(BD(I+1)) .GT. BSIZE))

{ BSIZE = DABS(BD(I+1)}

100 CONTINUE
RETURN

END
SUBRDUTINE AMPH
CONMON/CL/CLL 21),D¢ 20), W0 20),TCC 21),ANC 24),NZX( 24),NSEE,
1ALP( 21) .

COMMON/C2/AC 21),BC 24) ,PHAS( 21),PI,BSTZE,AMPL( 21) ,RAMP( 21)
DG 100 I = 4,NSEG
0l = SERTAIIEN? + B(I)132)

L2 = ATAN2(A(D),B(I))
AMPLLI) = Ci
PHAS(I)= C2

100 CONTINUE
RETURN
END
SUBROUTINE IMDDE(OMC)
COMHON/CE/CLC 20),D0 24) WEC 21),TC( 24, AM¢ 213, NZX{ 24) ,NBES,

{4LPC 21)

COMHON/C2/AC 24),B( 24) ,PHAS( 21),P1,BSIZE  AMPL( 24) RAMP( 21)
COMMON/CL0/F2,F4 FG,F3,PIN

COMNON/C14/CDCC 24),CDAC 24) ,CPC 21),DS,ZETA, ZETAE , RHOMW, RNU,
1CDAS( 21)

F4 =9,

F2= 0.

F3=9.

FG = 0.

DO 10D I=1,NSEG '

ARG = ALP(I)XOMCACL(I)~PHAS(D)

PAR = ALP(T)XOMCHCL(I)/2 .+ SIN(2 XARG) + SIN(2. ¥PHAS(1)))/4

F4 = F4 +(AMPL(I)XX4X((COS(ARG)XXIXSIN(ARG)+COS(PHAS(I) ) $X 3%

i SIN(PHAS(I)))/4.+0.75!PAR)/ALP(I)/BHC)1HC(I)fAﬂ(I)!B(I+i)xxé ”

F2 = F2 + (AMPLCI)RX2RPAR/ALP(1)/0MCIRUC(I)+AWC T XB( T+ )4X2

FG = FG + CP{I)XAMPL(I)XX2XPAR/ALP(1)/0MC

NPT = ALP(I)XOMCRCL(I)/PI : i

EXTRAA = ALP{I)XOMCACL(I)~NPIXPI

GANMA = PHAS(I)+3.¥P1/2 -PIXAINT((PHAS(I)+3.%P1/2 )/PD) ,

TERHE = SIN(EXTRAA-PHAS(I))¥{COB(EXTRAA-PHAS(I) ) RE2+2 )

TERM2 = SINCPHAS(I))X(COS(PHAS(I))X¥242 )

TERK3 = (4. ~-CP(I))4CDCCDIAD{ I XAMPLIT)XK3 /36 /ALP (T /OMC

IF(EXTRAA.GT.GAMMA) GO TO i0

F3 = F3+TERMIX(4 XNPI+ABS(TERML+TERM2))

£0 TO 100 :

10 F3 = FI+TERM3IK(4. XNPI+ARS(2 XSIN(CAMMA-PHAS(I))
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100

i (COS(GAHNQ-PHAS(I))!X2+2 )+TERH2~TERH1))

CDNTINUE
PIN = FA/F2

* RETURN

END
SUBROUTIME DAMP

COMMON/CE/CLE 21), D0 24),WCt 243,700 24) ,Au( 21) NIX( 24y, NéEc .

{ALPC 21)

COMMON/C2/AL 213 ,B¢ 21) ,PHAS( 20), P1,BSIZE, AHPL( 21),RAMP( 21)

COMMON/C38/F2, F4 FG,F3,PIN

COHﬁON/Cii!CDC( 21), CDA( 21),CP( 211,05, ZETA ZETAE RHOH RHU,
iCDASE 24)

CX*tx#CALCULﬁTE EFFECTIVE MASS RATIO PﬁRAHETER

RMU = 576 tF‘/PI/RHOH/DSt*E/FG

CRXKRRCALCULATE ADDED DAMPING TERM

ZADDED = §.
NSEBi = WSEG-{

DO 20 I = §,NSEGS

ZADDED = ZﬁDDED+CDA(I)iABS(B(I+1)i§3)

20 CORTINUE

ZADDED = DSERHOWS(ZADDED+F3)748. /PI/SQRT(F2)/SQRT(F4)

CERXRRSEARCH FOR ZETAE

ZETAE = ZETA

25 VAR = (RNUBZETAE)R¥L 8

PAR = i (9 .68UAR)

DZETA =i +17.28 tZAﬁDEDtRHU*Xi BRIETAERKD . B/PAR**Z
FIETA = ZETAE -IETA -ZADDED/PAR

ZETAEN=ZIETAE - FZETA/DZETA

IF(ABS(ZET#EN—ZETAE) LT..0004) 60 70 30

| IETAE = ZETAEN

30

GOTO 25
ZETAE = ZETAEN
RETURN

END

SUBROUTINE RESHP

CONNON/C1/CL( 21) D( 24), LT 21),TCC 210) Al 21),NZX( 21),NSEG

fALP( 21)

COMMON/C2/7AC 210),B( 24) ,PHAS( 31), P1,B517E, AHPL( 217, RQHP( 21)
CONNON/C7 /BR( 21) BNSIZE

COMMON/Ci8/F2,F4, rc F3 PIM

cﬁnnon1c11/090( 21) an< 21) CP¢ 24),D5,ZETA, ZETAE, RHOW KKy,
1CDAS( 01)

ANAX = 1.29/(1 040 43i(RﬁUtZETAE))t*3 35

CONS = AMAXXDS/SGRT(PIN)

DO 108 I=1 NSEG

RAMP(I) = CONSXAHPL(I)

BN(I) = ABS(CONSRB(I))

£00 CONTINUE

BNSIZE = ABS(CONSKESIZE)
BN(NSEG+1) = ABS(CONSKB(NSEG+{))
RE TURN

SUBROUTINE  SGDRG(OHC)

COMMON/CL/CLC 21),DU 21),WCC 21),TC¢ 21),ANC 21) ,NZXC 215 #SES,
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§ALP( 21)

COMNON/C2/AC 24),BC 24) ,PHAS( 21),PT,BSIZE, AMPL( 21) ,RANRC 21)
COMMON/C3/CD( 24) |

COMNDN/C14/CDCC 21),CDAC 24),CR( 21),os,zsra,zsrae}nuou,anu,
1CDAS( 21) - |

DOUBLE PRECISION OMC

D0 100 I = 1,NSEG

Ri = -1. ¥ PHAS(D)

PAR = ALP(I) % OMC ¥ CL(I)

R2 = PAR + Ri - INT(PAR/PIIXPI

CALL SIMP(R1,R2,20,AREA) ]

CD(D) = (4. + 1 82024%k(RAMP(I)/DCI) A% &SK(INT(PAR/PI)¥2 2546+
i AREA)/PARYXCDC(I)

CONTINUE
RETURN
END
SUBROUTINE SINP{R1,R2,N,AREA)
F(X)= (ABS( COS(X)))¥%0.65
= (R2-R4)/2./N
AREA = 0.

CX-=Ri

1440

id
50
100
119

DO 100 I = 1,N
AREA = AREA + (DX/3IR(F(X)+4 XF(X+DX)+F (X+2.%DX))
X =X+ 2.80X
CONTINUE
RETURN
END
'SUBROUTINE ZEROX(OMC,HND)
COMMON/CA/CLE 24),DC 21),8CC 210),TCC 24) ,AWC 24) NZX( 21),NSEG,
14LPC 20)
COMMON/C2/8¢ 21),BC 21), PHAS( 21),P1,851ZE, AHPL( 24),RAKPL 21)
COMMON/CS/AD,BD
DOUBLE PRECISIGN AD( 24),BDC 21),0MC,PR,PID,PHASD,PH
PID = DABS¢ DATN2(6.D0,-1.D0))
NZX(4) = IDINT(ALP(L)XOMCECL(1)/PID)
MND = NZX(1)
NSEGL = NSEG-1
IF(NSEG.EB.2) GO TO 140
DO 100 I=2,NSEGL
PH = ALP(1)XOMCXCL{I)/PID/2.D0
IF (RDCI)KBD(I+1) .GT. 0.0 GO TO 0
NZX(I) = ZXIDINT(PH) + '
60 10 S8
NZX{I) = 23IDINT(PH+0.5DD)
MND = MND + NZX(D)
CONTINUE
PHASD = DATN2(AD(NSEG),BD(NSEE))
NL = (1+IDINT(DABS{PHASD)X2 DG/PID})/2
IF (PHASD .LT. 0.D0) NL = —{%NL
= ALP (NSEG)¥OMCACL (NSEG)-PHASD+1 . 5D0
NR = (1+IDINT(DABS(PR)%¥2.DO/PID))/2
IF (PR .LT. 0.D0) NR = -1¥NR
NZX{NSEG) = NL+NR '
MNO = MNO+NZX (NSEG) 05




RETURN
END

 SUBROUTINE TTDRC (CDT)

COMMON/CE/CLC 21),DC 24),MC¢ 29),TC( 21),AHC 24) ,NZX( 21) NSEG
1ALP( 21)

COMMON/C2/4¢ 21),B( 21) ,PHASC 21),P1, BSIZE ,AMPL{ 21),RANP( 21)
COMMON/C3/CD( 21)

PR = .
CLT = 4.

DO 100 I = {,NSEG

i00

80

100

PR = PR + CL(IISCD(I)X(D(I)/12.0)

CLT = CLT + CL(D)X(DEI)/42.0) .

CONTINUE

DT = PR/CLT

RETURN

END

SUBROUTINE TWDRG(DCDW)

COMMON/C1/CL( 26),D( 24),HCC 21),TEC 24),AH( 21),NZX( 24) NSEG,
1ALP( 20)

COMNON/C2/A¢ 21),BU 24) ,PHASC 21),P1,BSIZE,AMPL( 21) RAMP( 21)
COMMON/C3/CD( 24)

COMMON/C7/BNC 21),BNSIZE

COMMON/CE 1/CDC( 24) ,CDAC 21) ,CPC 21),DS,ZETA, ZETAE , RHOW ,RMU
1CDAS( 21)

NWSEG=NSEG-1 .

PRD=0.¢

DO 80 I=1,NWSEG

CDAS(D)=( (4. 041 B2024%(BN(T+1)/D(1)))%30 . 65)%CDACT)
PRD=PRD+CDAS(I)

CONTINUE

CLT=0.0

DO 180 I=1,NSEG

CLT=CLT+CL(D)XD(I)/42. §

CONT INUE

DCDW=PRD/CLT

RETURK

END

BLOCK DATA |
COMMON/C1/CLL 20),DC 24),WCC 26),TC( 21),ANC 24) NIX(C 24) ,NSEG,
{ALP{ 21) »
COMMON/C2/AC 21),B( 24),PHAS( 21),PI,BSIZE,AMPLC 21) RAMP( 21)
COMMON/C3/CD( 21)

COMMON/CA/BHAX, JPLTND

COMMON/CS/STIFL 24),5TWT( 21)

COMMON/C7/BNC 21) BNSIZE

COMMON/CH4/CDC( 24),CDAC 21),CP¢ 21) DS, ZETA, ZETAE ,RHOW, RMU,
1CDASC 21)

DOUSLE PRECISION AD( 21),BD( 21),ARG,ONC,OMHT, COEF
COMMON/CS/AD, BD

COMMON /hae/rﬂ,F4)rc,F3,pzn

END
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Appendix B
INPUT DATA FOR NATFREQ
TEST RUNS 1-20 FROM TABLE 1
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1984 CASTINE Ba&Y TESTS X MARINE CABLES WITH QTTACHED'SENSDR

£ i
3SCRL |
25.00 .25 .2 7.704E-04 . Si2.0 0.444E+0§ 3.500E-0i
2580 0.441E+01 3.S00E-04
25.00 0.444E+01 3.S00E-04
12 @8 50.0 0.008 2 0

1984 CASTINE BAY TESTS X MARINE CABLES WITH ATTACHED SENSOR

t i
ISRL »
2500 1.25 .2 0.1326+01  450.0 0.7SPE+01 3.500E-D4
5. 00 | 0.759E+04 3.500E-04
2500 0.759E+01 3.500E-04
12 9.8 50.0 p.00t 2 0

1981 CASTINE BAY TESTS ¥ MARINE CABLES WITH ATTACHED SENSOR

4 i
4SCRL
{2.50 4.25 1.2 7.704E-01  S00.0 0.444E+0f 3.SO0E-04
12.50 0.444E+04 3 S00E-01
{2 .50 ' 0.445E+04 3.S80E-04
12.50 0.441E+04 3.500E-64
12.50 | 0.444E+01 3.S00E-04
12,50 §.444E+04 3 SO0E-01
2 0.1 5.0 0.008 2 0

1981 CASTINE BAY TESTS * MARINE CABLES WITH ATTACHED SENSCR

i i

45CRL ' :
12.50 1.35 1.2 0.432E+04 520.0 0.759e+04 3.508E-04
12.50 ' ' 0.759E+64 3.500E-01
12.50 0.759E+04 3.S00E-01
12.50 0.759E+01 3.500E-04
12.58 §.759E+04 3.580E-04
12.50 ' §.75%9E+81 3.500E-01

i2 (R S98.0 0.004 2 0
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HOUSINGS % RUN 4

i3 0.0644

HOUSINGS % RUN 2

N 64.0

HOUSINGS ¥ RUN 3

04 0.0644

HOUSINGS % RUN 4

01 4.0
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1984 CASTINE BAY TESTS ¥ MARINE CABLES WITH ATTACHED SENSOR HOUSINGS X RUN S

i i
- SSCRL :

2.375 1.25 1.2 7.704E-04 632.0 0.441E+04 3.500E-01
18.750 0.444E+04 3.500E-04
18.7%0 0.444E+04 3.500E-04
18.750 : 0.441E+04 3.500E-04
- 9.375 8.441E+0% 3 .S00E-04

i2 0.0 50.0 p.oes . 2 0

1981 CASTINE BAY TESTS X MARINE CABLES WITH ATTACHED SENSOR

i i :
55CRL '

9.375 4.25 1.2 0.432E+04 475.0 0.759E+04 3.500E-04
18.750 ' §.759E+01 3.500E-04
£8.750 0.759E+01 3.500E-04
18.750 0.759e+01 3.500E-01
2.375 D.759E+04 3 560E-01

i2 6.9 50.0 ¢.004 2 0

1984 CASTINE BAY TESTS & MARINE CABLES WITH ATTACHED SENSOR

01

0.0644

HOUSINGS ¥ RUN &

N}

64.0

HOUSINGS % RN 7

i i

85CRL
9.3751.25 1.2 7.704E-04 504.0 §.441E+0% 3.500E-01 |
9.375 0.441E+01 3.500E-04
?.375 0.444E+04 3.500E-04
2.375 0 A44E+04 3.500E-01
9.375 v 8.444E+04 3.500E-04
9.375 0.444E+01 3.500E-04
9.375% ' 0.444E+04 3.500E-01
?.37% 0.441E+01 3.500£-01

2 0.0 56.8 §.001 2 ]

1981 CASTINE BAY TESTS X MARINE CABLES WITH ATTACHED SENSOR

.0t

0. 0444

HOUSING X RUN 8

i : i

85CRL
9.375 4.25 1.2 0.432E+04 A75.0 0.799E+01 3. SO0E-04
9.375 0.759E+04 3.500E-04
9.375 _ §.759E+01 3.500E-04
9.37% 0.759E+04 3.500E-01
9.37% 0.759E+01 3.S00E-04
%.375 0.759E+01 3.500E-"1
9.37% §.759E+04 3.500E-04
9.37% 0.759E+04 3.500c-04

12 0.0 50.0 0.004 2 ]
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- 1981 CASTIME BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR

g £
3SCRL - -
25.00 1.25 1.2 7.704E-0%  S40.0 0.997E+01 3.500E-0
25.00 0.9976+01 3.500E-01
25.00 : 0.997E+01 3.500E-01
2 5.0 50.0 000t 2 0

1981 CASTINE BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR

. 1
35CRL ‘ :

2500 1.25 1.2 0.432E40t  600.0 4.370E¥01 3.500E-01

2540 1.370E+01 3. S00E-04

25,10 | 1 370E¥01 3 500E-01
12 8.0 50.0 0.00¢ 2 0

1981 CASTINE BAY TESTS ¥ MARINE CABLES WITH ATTACHED SENSOR
i i
55CRL ” - .
1250 1.25 1.2 7.704E-01 - 728.0 0.9976+01 3. SO0E-0%

12.50 0.997E+01 3.500E-01
12.50 0.997E+01 3. 540E-01
12.50 0.997E+01 3.S00E-04
12.50 0.997E+01 3.S00E-04
12.50 0.997E+01 3.500€-01

12 8.0 50.0 ‘ D00t 2 ]

1981 CASTINE BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR

{ t
6SCRL o .
12.50 1.25 1.2 0.132E+01 580.0 1.370E+04 3.500E-01
12.50 £.370E+D8 3.500E-01
12.59 1.370E+01 3.500E-04
12.50 1.370E+01 3.S00E~01
12.50 1.370E+04 3.500E-01
12.50 1.370E+04 3.500E-04
i2 8.0 50.0 0.008 2 0
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HOUSINGS X RUN 9

04 0.0642

HOUSINGS % RUN 10

"o e

HOUSTNGS % RUN 11

.04 0.0684

HOUSINGS * RUN f2
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1981 CASTINE BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR

HOUSINGS % RUN 43

4 i

SSCRL
9.375 1.25 1.2 7.704E-04 650.0 0.997E+04 3.500E-04
18.7%0 _ 0.997e+04 3.500E-04
18.750 0.997E+04 3.560E-01
18.750 0.997e+04 3.500E-04
9.3715 ’ 0.997E+01 3.500E-04

i2 0.0 50.0 _ 0.604 2 0

1981 CASTINE BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR

b1 0.0644

HOUSINGS % RUN 14

i i

SSCRL
9.375 1.25 1.2 81328404 658 .0 1.370E+04 3.S00E-04
18.758 1.370E+01 3.500E-01
i8.750 1.370E+04 3.580E-04
18.750 £.370E+01 3.500E-01
9.375 §.370E+08 3 SO0E-04

i2 0.0 56.0 0.80% 2 ]

1981 CASTINE BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR

i i

7SCRL
$12.50 1.25 1.2 7.704E-04 732.9 0.997E+04 3.500E-01
i2.50 0.997E+61 3.580E-04
12.50 0.997E+04 3.580E~81
9.3 0.997E+01 3.S00E-04
7.37% 0.997E+04 3.500E-01
7.375 0.997e+01 3.500E-01
?.37% 0.997E+01 3.580E-01

i2 0.0 50.0 0.004 2 B

1981 CASTINE BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR

i i

75CRL

12.50 1.25 1.2 0.432E+04 5%6.0 1.370E4+04 3 .500E- Pi
12.5) 1.370E+81 3.500E-01
12.50 : i 370E+01 3.580E- d‘
7.375 1.370E+04 3 SO0E-"¢

9.375 . 1.370E+04 3.S00E-{1
?.37% 1.370E+01 3.500E-0¢
?.37% 1.370E+01 3.580E-01

12 8.0 50.0 ' 0.004 2 0
: 111

04 64.8

HOUSINGS % RUN 1S

B . 0644

HOUSINGS ¥ RUN 16
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1984 CASTINE BAY TESTS X MARINE CABLES WITH ATTACHED SENSOR HOUSINGS X RUN 17

{ 1
6SCAL
12.50 1.25 1.2 7.704E-01  800.0 0.997E+01 3.500£-04
12.50 0.441E+04 3.500E-01
12.50 0.997E+04 3.S00E-01
12.50 0.441E+01 3.500E-01
2,50 - | | 0.997E+04 3.580E-01
12.58 - 0.997E+01 3.500-04
2 9.8 50.0 Coop.04 2 0 .04 0.0p44

1984 CASTINE BAY TESTS ¥ MARINE CABLES WITH ATTACHED SENSOR HOUSINGS X RUN 18

{ !
65CRL
i2.50 1.25 1.2 0.432E+04  745.0 1.370E+04 3.500E-04
12.50 0.759E+01 3.500£-04
{2 .50 § 370E+08 3. SO0E-04
12,50 0.759E+04 3.500E-04
12.50 1.370E+04 3.5P0F-04
12.58 . {.370E+04 3.500E-04
2 0.0 50.0 0.008 2. 0 b4 4.0

- 1984 CASTINE BAY TESTS X MARINE CABLES WITH ATTACHED SENSOR HOUSINGS X RUN 19

i 1
75CRL
12.50 4.25 1.2 7.704E-D%  800.0 0.441F+01 3.500E-01
12,59 0.997E+04 3.500E-04
12.50 ‘ 0.441E+04 3.500E-04
9.375 0.997E+05 3.S00E-04
9.375 | 0.997E404 3.500E-01
9.375 | 0.997E+04 3.500€-04
9.375 0.997E+04 3.500E-01
2 0.0 50.8 9.008 2 0 et 0.0684

1984 CASTINE BAY TESTS X MARINE CABLES WITH ATTACHED SENSOR HOUSINGS ¥ RUN 20

i i

7SCRL
12.50 .25 1.2 0. 432E+01 ‘8000 0.7959E+0% 3 S00E-04
i2.50 1.370E+04 3.500E-01
12.50 ' §.759E+01 3.500E-04
9.375 1.370E+04 3.500E-04
9.375 ‘ 1.3708+01 3.S80E-04
9.375 1.370E+04 3 .500E-04
9.3715 {.370E+81 3.580E-04

12 8.0 56.0 ©op.o0d 2 ] 1§ 64.9
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Appendix C
STRUMMING DRAG CALCULATIONS

_ An important side effect which accompanies the osciflations of structures and cables due to vortex

shedding is the amplification of the mean hydrodynamic drag fbrce (or the corresponding drag

coefficient Cp). A method for employing these measurements in the analysis of marine cable struc-
tures was developed by Skop, Griffin and Ramberg (20)." This procedure has been improved and

extended to the case of flexible, cylindrical marine structures by Griffin and others (1,21,22,25).

A program of tests which were conducted at the David Taylor Naval Ship _R&D Center during the
1940°s and for which the results were released a few years ago demonstrate the strong resonance due to
vortex shedding that typically takes place when a bare circular cylinder or cable moves in steady motion
relative to the surrounding water and undergoes large-amplitude cross flow oscillations; see Ref. 21.
This cylinder was also fitted with various vortex suppression devices in order to investigate their
effectiveness in suppressing the cross flow oscillations. The drag on the cylinder was; measured over a
range of towing speeds up to 10 knots and the results are plotted in’ Fig. Cl. A clear resonance
occurred near ¥ = 4 knots and the drag force (and coefficient Cp) was iacreased by a factor of 220 per-
cent at a towing speed of 4.25 knots. At thisr and nearby towing speeds, the cross flow displacement
amplitude of the cylinder was 1.5 to 2 diémeters. When the cylinder was towed at speeds abovg and

below the resonance, the usual

Drag « (Flow Speed)?

’

dependence was obtained. Methods for calculating the increased mean drag forces which accompany
the vortex shedding are described in the discussion that.follows. Details of the method and extensive

comparisons with experimenta! results are given by Griffin (22), and by Every, King and Griffin (25).

The drag coefficient Cp, for a cable or structure which vibrates due to vortex shedding is increased

T . . .
Numbers in parentheses denote references listed at the end of this report
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Fig. C 1 - Steady drag force measured on a free‘ended circular cylinder towed steadlly through sull water, A clear resonance in
the drag due (o0 the vortex-excited oscillations normal to the incident flow is shown between relative flow speeds of ¥V = 3 and 6
kts; from Griffin (21). :
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as shown in Figs. 2_6 and C1 of this report, and Fig. 2.9 of Ref. 1. The ratio of Cp and Cp, (the latter

is the drag coefficient for a cylinder, cable or other flexible, blﬁff structure which is restrained from

“oscillating) is a function of the displacement amplitude and frequency as given by the response parame-

ter (20),
w,= (1 +2Y/D)(V,Sn)L. (c1

Here again 27 is the double amplitude of the displacement, V, is the reduced velocity V/fD and St is

the Strouhal number f,D/V. The ratio of the drag coefficients is given by

CD/CDO =1, w < 1 (C2a)
Cp/Cpo =1+ 1.16(w, — DO, y, > 1 (C2b)

which is a least-squares fit to the data in Fig. 2.9 of Ref. 1. The equation

1.29y,

Yuax/D = 3
max/ [1 + 0.43Q2m S2k,) 13 ©3)

from Table 4.1 of Ref. 1 can be combined with Eqs. (C2a) and (C2b) to compute the unsteady dis-
placement amplitudeg, the drag amplification énd the amplified static deflection that is caused by the
vortex excited oscillations. The local displacement amplitude along the length of a flexible member
such as a cable (in the ith normal mode). is given by

¥(z) = Y,(2) sin 2w fi1)

where

‘}_/,(Z) = YEFF.M:!XYI'(Z)‘ ' (C4)

In this equation
Dy (2) '
YiT T n (Cs)

where [; is a modal scaling factor defined in Ref. 1. These equations can be employed to iteratively
compute the static deflection of a structure or cable due to the vortex-excited drag amplification as

shown in Refs. 1, 20 and 21.

Every, King and Griffin (25) recently have shown by comparison between sample calculations and

the experimental data reported by them that this method for calculating the steady drag amplification
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and deflections is quite accurate and that it can be employed with some confidence to evaluate the

hydrodynamic loading, deflections and material stresses on marine structures and cable systems. The

and unsteady loads and deflections must be considered in any such evaluation. An example of the .

comparison reported by Every, King and Griffin is given in Fig. C2.

The average drag coefﬁcientb or force (with respect'to time) can be derived from Eq. (C2b). The
steps required to do this were carried out by McGlothlin (8) who failed to recognize that Eq. (C2b) is
based on the peak amplitude of vibration for any given mode. When McGlothlin’s derivation is
corrected to account for the root-mean-équare vibration amplitude the correct result is

Cp,ave = Cpoll + 1.043(2Ygus/ D)*®]

for a sinusoidal mode shape.

The hydrodynamic force due to cable strumming on the system comprised of the cable and
attached masses can also be calcylated in much the same manner. Then the total drag force is equal to

the sum of the drag contributions from the cable strumming and from the attached masses. This can

be stated as

Fr,=F¢ + Fy i ' (C6)
Then the two contributions at the ith cable segment are

Fe i= %‘ P VzLiDiCDC,i (C7a)

and

for each of a total of N segments of length L, and diameter D;. There are N-1 cylindrical'attached
masses of length Ly, and diameter Dy, situated at the ends of the individual cable segments. Let the

total drag force on the vsegment be defined in terms of the local cable diameter D; and segment length

"L, Then

FT, i = ‘%‘p V/ZL,'D,'CDT, i : ) (C8)
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® PREDICTED - ’ :
X MEASURED 7

g
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IN LINE DEFLECTION, Xg/D-

X
10} i
o5 ~
0 e == T 7" | | L l L

0 | 2 3 4 5 6 7 8 G

REDUCED VELOCITY, V, = V/f D

Fig. C2 -~ The steady tip deflection .Y, of a cantilever beam, vibrating due 1o vortex shedding, .ompared with the measured
values for a cylinder of relative density §G = 3.5. The prediction using a constant C, = 1.2 (stationary cylinder) is shown by
the dashed line: from Every, King and Griffin (25).
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, and

‘ : ~ 1 : .
‘;‘ p V2L,D,Cpr, ; = ‘%‘P‘ V2L,D,Cpc, ; + 3P V2L Dy, Cpw,- €9
When this is si_mpliﬁed and the shmmatio-n is taken over N cable segments,

N N N1 : ‘ , ‘
Y LDCpr, ;=¥ LDCpc, ;+ ¥, Lwi Dwi Cpw, ;- . (C10)
jul jom} .

i=1

The overall average drag coefficient Cpr, 41 can be defined as

. _
( 2 L D.-]Cm, AVG- c12)
Then '
N YN N-1
Cor, ave = | X, LiDi} ; LD,Cpc, 1+ ¥, LwiDwiCpw, i, (C13)
j=1 j=- ja]

which is a weigﬁted-average drag coefficient for the entire system based upon the cross-section arﬁeés of
the cable and the attached masses which are projected into the incident current. For a spherical mass
the cross-section area L,D; can be replaced by w D/4 and the drag coefficient Cpy,; by the appropriate
drag coefficient for a sphere when an appropriate drag amplification algorithm becomes av,ailab}g’. Both
drag coefficients Cpc ; and Cpy, ; are amplified to the strumming. And the cable segment vibration
amplitudé and the vibration aniplitu’de of the attached mass are computed in the NATFREQ algorithm,
so that the drag amplification using Eq. (C2b) can be computed in a straightforward manner. It is
assumed that the drag on the attached mass (a cylin;ier of L/D = 3.4) is amplified similarly to the drag
on a long cable or cylincier. The summation for the second term on the right hand side is taken over

N —1 segments since there are no attached masses at the terminations.

The NATFREQ code Was modified to compute( the drag on the cable system in this way. This
now is done in the two subroutines TTDRG and TWDRG. The drag coefficients computed with the

modified version of NATFREQ are compared with selected examples from the field test data in Sec. 7.3

of this report.
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